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Preface
This experimental Master’s Thesis concerning mechanical spectroscopi per-
formed on monohydroxy alcohols is written at Roskilde University at IMFUFA
under NSM during the fall semester 2013-2014. The purpose of this thesis is
to investigate shear mechanical properties of mole fractions ranging from 0 - 1
of squalane diluted in 2-ethyl-1-hexanol.
In section 1.1, the reader will find a brief summary of the history of the study
of monohydroxy alcohols which we recommend any reader to start out with,
because our study relies heavily on very recent discoveries made regarding
mechanical and dielectric properties of mono-alcohols. The reader without
prior knowledge of viscoelastic materials is encouraged to read appendix A.
To spare the reader for an enormous amount of data, only illustrative examples
have been included in our data representation and analysis.
We would like to thank engineer Ib Høst Pedersen and postdoc Tina Hecksher
for their general help and advice regarding the experimental setup, IT-employee
Heine Larsen for helping us with LaTeX problems, Michael Buch-Madsen, Juste˙
Brikaite˙, Jens Bjerre, and Jesper Bjerre for setting aside time to read the thesis
and giving constructive criticism. Finally we want to thank our supervisor,
associate professor Bo Jakobsen.
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Abtract
The goal of this thesis is to investigate the by Gainaru et al. [2013] newly
discovered low frequency mechanical crossover observed in monohydroxy alco-
hols by diluting neat 2-ethyl-1-hexanol (2E1H) with squalane. The complex
shear modulus is being measured using a PSG transducer, developed by Chris-
tensen and Olsen [1995] at Roskilde University, that allows measurements with
frequencies ranging from 10−3 − 106 Hz.
From the assumption that monohydroxy alcohols can be described as short-
chain polymers, a model proposed by Bo Jakobsen based on an addition of the
Maxwell and the Rouse model from Gray et al. [1977] is being investigated and
compared to existing mechanical data of 2E1H. The model is fitted to data for
the monohydroxy alcohol 2E1H obtained from Gainaru et al. [2013], indicating
that monohydroxy alcohols may be described as short-chain polymers.
The three investigated properties of the liquids are low frequency crossovers,
the broadness of the α-peaks, and the low frequency viscosities. It is concluded
that the experimental equipment at NSM Roskilde University needs to be opti-
mized with a wider shear modulus and frequency measuring range, to be able
to observe crossovers in solutions of 2E1H and squalane. The broadest α-peak
is observed for 0.353 mole fraction squalane in 2E1H, indicating a hindering
in the forming of H-bonds at relatively low concentrations of squalane. An
extra contribution to the viscosity is observed for both liquids and intermediate
solutions. By comparing data of solutions of 2E1H and squalane with exper-
imental data from the Glass & Time data repository, it is suggested that a
broad α-peak and an extra viscosity contribution are generic for monohydroxy
alcohols and possibly also polymers of low molecular weight. Similar properties
are observed for liquid squalane, which in addition shows a strong temperature
dependence, comparable to the structurally similar polymer polybutadiene
(PB20).
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Resume´
Ma˚let med dette speciale er at undersøge det af Gainaru et al. [2013] nyopdagede
lavfrekvente mekaniske crossover, observeret i monohydroxyalkoholer, ved
at fortynde ren 2-ethyl-1-hexanol (2E1H) med Squalane. Det komplekse
shearmodul bliver ma˚lt ved hjælp af en PSG transducer, som er udviklet af
Christensen and Olsen [1995] p˚a Roskilde Universitet, der tillader ma˚linger
med frekvenser, som spænder fra 10−3 − 106 Hz.
Udfra antagelsen om at monohydroxyalkoholer kan beskrives som kortkæd-
ede polymerer, bliver en model, foresl˚aet af Bo Jakobsen, baseret p˚a summen af
en Maxwell og Rouse model fra Gray et al. [1977] undersøgt og sammenlignet
med eksisterende mekaniske data af 2E1H. Modellen er fittet efter data for
monohydroxyalkoholen 2E1H fra Gainaru et al. [2013], hvilket indikerer, at
monohydroxyalkoholer kan beskrives som kortkædede polymerer.
De tre undersøgte egenskaber af væskerne er lavfrekvente crossovers, bred-
den af α-peaks og de lavfrekvente viskositeter. Det konkluderes, at det eksper-
imentelle udstyr p˚a NSM Roskilde Universitet skal optimeres med et bredere
shearmodul- og frekvensm˚aleomr˚ade, for at kunne være i stand til at observere
crossovers i blandinger af 2E1H og Squalane. Den bredeste α-peak observeres
for 0.353 mol fraktion Squalane i 2E1H, hvilket indikerer en hindring i dan-
nelsen af hydrogenbindinger ved relativt lave koncentrationer af Squalane. Der
observeres et ekstra bidrag til viskositeten for begge væsker og blandingsforhold
mellem disse. Ved at sammenligne data af opløsninger af 2E1H og squalane
med eksperimentelle data fra Glas & Tid, foresl˚as det, at en bred α-peak og et
ekstra viskositetsbidrag er generisk for monohydroxyalkoholer og muligvis ogs˚a
polymerer af lav molekylærvægt. Lignende egenskaber observeres for Squalane,
der desuden udviser en stærk temperaturafhængighed, som kan sammenlignes
med den strukturelt similære polymer polybutadiene (PB20).
iii
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Chapter 1
Formalities
1.1 Introduction
In this section we will present a general overview of the research history con-
cerning mono-alcohols, i.e. alcohols containing only a single OH group. It will
be presented as a chronological resume with a focus on what have been found,
indicated and concluded in this field of research during the last 80 years.
The Frequency Dependent Dielectric Constant
In his book [Debye, 1929], Peter Debye discusses experimental observations
of what he calls an anomalous dispersion of the dielectric constant, , for
polar molecules, mentioning compounds containing OH and NH2 groups, when
exposed to an alternating electric field. He associates this to a structural
reorientation of the molecules, which is out of phase with the electric field,
making the dielectric constant a complex quantity, which can be expressed as
a function of the fields frequency, ω, as
ˆ(ω) = ∞ +
s − ∞
1 + iωτ
(1.1)
where ∞ is the permittivity in the high frequency limit, s is the permittivity
in the low frequency limit, and τ is a characteristic relaxation time. This
description was proposed by Debye in 1913. The imaginary part, ′′, of the
dielectric constant constitutes an energy loss to the surroundings in the form
of frictional heat. The frequency which corresponds to the greatest energy loss
is called the loss peak frequency, and is as such defined by the characteristic
1
Figure 1.1: Example of a dielectric structural dispersion as a function of
frequency ω. ′ is the real part and ′′ is the imaginary part of the dielectric
constant.
time τ such that ωLpτ = 1. See figure 1.1 for an example of the frequency
dependency of the dielectric constant following the Debye prediction.
In 1951, Davidson and Cole [1951] published a paper in which two poly-
alcohols, i.e. alcohols containing more than one OH-group, and one mono-
alcohol were investigated by dielectric spectroscopy. They concluded that all
three liquids seemingly had 2 dispersions, instead of 1. They noticed that the
dispersions of the poly-alcohols were at a higher frequency and had a broader
frequency range, than the dispersions of the mono-alcohol. Furthermore, the
low frequency dispersion of the mono-alcohol was of such magnitude, compared
to the high frequency dispersion, that most of the dispersion could be described
by a single relaxation time. For reference, notice in figure 1.2, that the Nyquist
plot of the mono-alcohol is a nearly perfect semicircle, where for the poly-
alcohols it is right skew symmetric. For further information about the semicircle
behaviour of Debye relaxation in a Nyquist plot, see appendix D. For the
poly-alcohols, the low frequency dispersion could be fitted with a modified
Debye model, which would account for the broadened dispersion compared to
the mono-alcohol. This would indicate, that mono-alcohols behave differently
from other glass forming liquids.
In 1952 Cole and Davidson [1952] discover that up to two relaxation
processes may be found in dielectric spectroscopy in addition to the primary
2
Figure 1.2: Copy of the Nyquist plots of the three liquids studied in Davidson
and Cole [1951]. The mono-alcohol (n-propanol) is a near perfect semicircle,
where the poly-alcohols (glycerol and propylene glycol) are skew symmetric.
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dispersion. A total of three dispersion are only seen for mono-alcohols. In
1963 Litovitz and McDuffie [1963] describe relaxation processes in mechanical
spectroscopy, and conclude, that a primary dispersion seen in the mechanical
measurements is very closely related to the structural relaxation for dielectric
measurements, when the loss peak frequencies are almost the same. In 1966
Kono et al. [1966] finds a strong temperature dependence on the ratio between
the dielectric and mechanical main dispersion relaxation times for the mono-
alcohol n-propanol (nPOH), but does not comment on this difference. In 1971
Johari and Goldstein [1971] discuss secondary dispersions found in dielectric
spectroscopy of several liquids, some of which are mono-alcohols. They classify
the main dispersion, which involves the longest relaxation times, as the α-
relaxation and the secondary dispersion(s) as the β-relaxation(s).
The Structural α Relaxation
In 1997, Hansen et al. [1997] published a paper concerning dielectric and light
scattering experiments on nPOH, bis-methoxy-phenyl-cyclohexane (BMPC)
and ortho-terphenyl (OTP) in a wide frequency range from 10−2 Hz to 2 · 1010
Hz, to 109 Hz and to 106 Hz respectively. Three distinct relaxation processes I,
II and III were found for nPOH, where the slowest time is observed at peak I
and the fastest time at peak III, see figure 1.3. Two relaxation processes were
found for BMPC and OTP, as the α and β processes. Hansen et al. [1997]
argue, that nPOH displays the characteristic behaviour of a low molecular
weight glass former, if peak II is regarded as the α process and peak III as the
β process. They observe that the loss peak frequency of the α peak for BMPC
and OTP is temperature dependent and is comparable with the temperature
dependence of peak II for nPOH as seen in figure 1.4. Furthermore, peak I
and II seem to maintain a certain distance between each other, and there exist
a bifurcation temperature for peak II and III, which is also observed for the α
and β peaks of other glass forming liquids. Also, they observed that peak II
and the α relaxation is asymmetrically broadened with increasing temperature.
By comparing the fragility index, for the three peaks observed for nPOH, they
observed that peak II, and not peak I, were comparable with the structural
α-process found in more than 70 glass forming liquids, and peak I had to be
something else. The idea of the second peak being the structural relaxation
have been further supported by a number of studies [Wang and Richert, 2005],
[Wang et al., 2005], [Huth et al., 2007], [Wang and Richert, 2004], [Murthy,
1995] among others.
In 2007 Huth et al. [2007] published a paper, in which the dielectric
relaxation peaks for the octanol 2-ethyl-1-hexanol (2E1H), see figure 1.6, were
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Figure 1.3: Dielectric measurements of nPOH performed by Hansen et al.
[1997]. Three distinct relaxation processes can be seen.
investigated for their individual contribution to the frequency dependent heat
capacity cp(ν, T ) under isothermal conditions. Their calorimetric measurements
of cp only displayed a single relaxation process, and this correlated with the
small and fast process found in the dielectric spectrum, see figure 1.5, which
was thereby recognised as the structural α process. They found practically
no contribution to the heat capacity on the time scale of the Debye process,
which indicates, that in spite of the large relaxation strength of the dielectric
Debye process, it is not directly associated with structural relaxation.
The suggestion that the Debye peak found in mono-alcohols was not the
structural relaxation, was further supported by Jakobsen et al. [2008]. Their
paper included a thorough comparison of dielectric and shear mechanical data
for the two mono-alcohols; 2E1H and 2-butanol. The loss peak frequency
of the mechanical α-peak, νLp,G, and, which by now was well established
as being the dielectric structural relaxation peak, νLp, were found to be
consistently separated by approximately 1 decade in the frequency domain,
where νLp,G > νLp,. In contrast, the mechanical α and dielectric Debye peaks
were separated by a magnitude of around 4 decades. Furthermore, this distance
seemingly decreases with temperature. The minimal slopes of the right side of
the shear mechanical α peaks on a logarithmic plot were found to be close to
-0.5, which is generic for glass formers [Albena I. Nielsen et al., 2009]. They
5
(a) (b)
Figure 1.4: Experimental results of temperature dependence of the loss peak
frequency for BMPC and nPOH from Hansen et al. [1997], where x is the peak
frequency, T is temperature, and Tβ is the bifurcation temperature where the
β-relaxation becomes observable.
found no immediate evidence for the existence of a shear mechanical signal
comparable to the dielectric Debye peak, but were able to conclude, that
should it exist, it would have a relaxation strength of less than 3 % of the total
relaxation strength for 2E1H and 1 % for 2-butanol.
Association of the Debye-type Relaxation to Polymer
Dynamics
Numerous explanations of the low frequency Debye-like process have been
proposed during the years. Among those explanations are rotation of single
hydrogen dipoles [Hassion and Cole, 1955], structural fluctuations [Johari et al.,
2001], long thin clusters formed by hydroxyl-groups [MacCallum and Tieleman,
2002], alcohol molecules organized in nearly linear clusters [Fragiadakis et al.,
2010], and self-forming transient-chain structures [Gainaru et al., 2010]. In
general, these authors agree, that the Debye peak is a result of small chain-like
6
Figure 1.5: The heat capacity and the imaginary part of the dielectric constant
measured in Huth et al. [2007] at ν = 10 Hz. The red line is the imaginary
part of the heat capacity, and the black curves is the imaginary part of the
dielectric constant. The dashed lines show separations of the Debye and the
non-Debye peak.
structures (defined in this thesis as polymers below a molecular weight of 20000
Da [Ferry, 1980]) formed by H-bonds (explaining the disappearance of the
Debye-peak at high temperatures, which cause the H-bonds to break) belonging
to each mono-alcohol molecule, with chains consisting of approximately 7 - 20
molecules [Gainaru et al., 2010], [Fragiadakis et al., 2010], [MacCallum and
Tieleman, 2002] for the investigated mono-alcohols. An illustration of this is
seen in figure 1.7. Most of these authors argue, that their models also explain
the missing mechanical relaxation signal at low frequencies.
However, resent experiments on certain mono-alcohols show mechanical
evidence for the Debye relaxation process. By investigating the low frequency
domain of the α peak for three mono-alcohols, Gainaru et al. [2013] found a
crossover region in the relaxation spectrum, indicating a relaxation process
7
Figure 1.6: The molecular structure of 2E1H
Figure 1.7: 6 2E1H molecules connected via H-bonding.
analogus to that of small chain polymers, see figure 1.8. This supports the ideas
of Gainaru et al. [2010], where a transient chain model explains the dielectric
behaviour in terms of polymer concepts. This was further supported by Lou
et al. [2013], where a dielectric Debye peak was observed for a synthesized
polar polymer resembling the Debye peak observed for mono-alcohols to an
astonishing degree. The results from Gainaru et al. [2013] and Lou et al. [2013]
suggest that we now may be able to describe the behaviour of mono-alcohols
in terms of polymer concepts.
An intensively studied mono-alcohol is 2E1H, see figure 1.6 for the molecular
structure. This compound has been the subject of numerous studies on
dielectric and shear mechanical properties, including being one of the mono-
alcohols studied in Gainaru et al. [2013], and is therefore an obvious choice for
shear mechanical measurement on monohydroxy alcohols.
As observed in figure 1.8, the crossover region for 2E1H occurs at much
lower frequencies than that of the other mono-alcohols 5-methyl-3-heptanol
(5M3H) and 4-methyl-3-heptanol (4M3H). Measurements in this frequency
8
Figure 1.8: Shear mechanical measurements on the three mono-alcohols
2E1H (2-ethyl-1hexanol), 5M3H (5-methyl-3-heptanol) and 4M3H (4-methyl-
3-heptanol). A crossover on the low frequency side of the α-peak is observed
when the slope changes from 1 to approximately 2/3, indicating short-chain
polymer dynamics. From Gainaru et al. [2013].
9
Figure 1.9: The loss tangent of the dielectric constant for mixtures of 2E1Hx
and squalane(1−x) measured in Wang et al. [2005]. tan(δ) = −′′/.
domain is first of all a very slow process due to the long time scales involved,
and secondly one needs special equipment, which is presently not available at
NSM Roskilde University. However Wang et al. [2005] have demonstrated that
one of the diluent effects of mixing 2E1H with squalane, see figure 1.10 for the
molecular structure, will decrease the decoupling between the dielectric Debye
and α-peak, see figure 1.9. This means that diluting 2E1H with squalane might
just make it possible to observe the crossover with the equipment at NSM,
because the mechanical signal may also be shifted to higher frequencies.
In this thesis, we are going to study these phenomena via shear mechanical
and dielectric experiments on mixtures of 2E1H and squalane, in an attempt
to describe and test the results observed in Gainaru et al. [2013].
1.2 Hypothesis and Purpose of the Thesis
For some time, it has been generally accepted, that the prominent Debye signal
found in dielectric spectroscopy of mono-alcohols, is caused by the molecules of
the liquid forming H-bonds with one another [Johari et al., 2001], [MacCallum
and Tieleman, 2002], [Gainaru et al., 2010]. Recently, it has been shown by
10
Figure 1.10: The molecular structure of squalane.
Lou et al. [2013] that the synthesized molecule T-DAP9 based on thymine
and diamidopyridine form polymer structures through triple H-bonds and that
these liquids also have a strong dielectric Debye type signal, comparable to
that of mono-alcohols. However, they only compared the dielectric signals from
the two types of liquids. Gainaru et al. [2013] finds as the first group ever that
mono-alcohols have a low frequency mechanical signal, comparable to that of
short-chain polymers. This observation is ground breaking, because no one
has ever been able to demonstrate a mechanical counterpart to the dielectric
Debye signal, during the almost 100 years long investigation of mono-alcohols.
These two observations, that supramolecular structures show Debye-like be-
haviour in dielectric spectroscopy, and a shear mechanical low frequency signal
in mono-alcohols resembling the crossovers in polymers, suggest, that mono-
alcohols can now be described by polymeric theory.
We want to investigate this phenomenon through shear mechanical spectroscopy,
by diluting 2E1H with a nonpolar liquid, squalane. The hypothesis is that the
mechanical polymeric signal would become more visible in the shear mechanical
spectrum at higher frequencies by adding squalane, due to the observations
by Wang et al. [2005] mentioned in section 1.1. Similar measurements have
been performed on neat mono-alcohols, with the same experimental equipment
we will be using to conduct our experiments [Jakobsen et al., 2008]. In these
experiments, a mechanical signal was not observed. However, two prominent
changes to the experimental and analytical approach have occured, since these
experiments were conducted. The piezo ceramic shear transducer, see chapter
4, have been lacquered to avoid the transducers tendency to suck the sample
into the piezo cheramic materials many microscopic holes and crevices. This
lacquering has especially improved the measuring capacities in the frequency
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and shear domains where we expect to observe a signal. Furthermore, it was
at that time not known what kind of signal to search for, and Gainaru et al.
[2013] have shown what type of mechanical signal one should expect and where
to search for it.
1.3 Method
The aim of this project was to investigate the shear mechanical counterpart, to
the Debye-like relaxation peak found in dielectric spectroscopy dominating the
relaxation spectra in monohydroxy alcohols in the high viscous phase. During
our work over the past five months, the project turned towards a quite different
direction than expected initially. Therefore, we will present a description of our
approach to the original problem, the process of our work, and the solutions
to the problems we encountered on the way.
Our Approach to the Original Problem
We were searching for a mechanical low frequency signal by performing shear
mechanical spectroscopy on various solutions of the well studied mono-alcohol
2E1H, and a non-alcohol glass forming liquid, squalane. More specifically,
we wanted to investigate how the mixing ratio of the two liquids affects the
slope of the imaginary part of the curve in the low frequency mechanical
α-relaxation domain, how it affects the shape of the α-dispersion, and how it
affects the viscosity. In general, the analysis has been based on the discoveries
of Gainaru et al. [2013]. We performed dielectric measurements on the same
solutions, partially to confirm the results of earlier experiments done in Wang
et al. [2005] but also to investigate, how the mixing ratio affects the shape of
dielectric relaxation curves, and if these curves exhibited behaviour, that has
mechanical counterparts near the same frequencies. Further, we wanted to
find out whether or not the mechanical and dielectric behaviour of short-chain
polymers could be used to model the mechanical behaviour of mono-alcohols in
the low frequency domain, and thereby explain parts of the observed behaviour.
But experimental work does not always turn out exactly as planned as ex-
plained below.
The Process of Our Work
After spending several months partly producing shear mechanical and dielectric
data, partly working with data of the observations made by others, things
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took a turn. Because one measurement of a solution took a week to perform,
and because we needed reproducibility, it was not until late in the semester we
realized, that our experimental equipment was unable to detect the signals we
were looking for. A detailed description of the work leading to this conclusion
can be found in section 5.3 and appendix B. While we were analyzing our
experimental data, we observed other interesting properties that, to our knowl-
edge, have not been described before. These observations mainly concerned
the temperature dependence of neat squalane, and the evolution of shape of
the α-peak with the mixing ratio of the two substances.
New Approach
Fortunately, even though a lot of our plans changed after these observations,
we would still be able to use the same methods for the analysis as we had
originally planned. Therefore, our methods for dealing with both our problems
are as follows.
We still want to bring a description of useful models that may be able to
describe the mechanical signal observed in Gainaru et al. [2013] even though,
we were not able to see it in our own data. This will be done by presenting a
combination of the Extended Maxwell model and the Rouse model, which may
be able to capture the dynamics very well. We want to present a thorough
analysis of the low frequency shear mechanical behaviour of our different
solutions of 2E1H and squalane in order to explain, why we did not observe
the things we hoped for.
After this, we will examine how the shape of the α-peak evolves by looking at
second derivatives of our relaxation curves as well as determining the half-width
of the curves for different molar fractions of squalane in 2E1H. We will limit
the calculation of the half-width to the mechanical measurements, because the
dielectric α-peak is distorted by a Debye peak on the low frequency side and
sometimes a Johari-Goldstein β-peak on the high frequency side, making it
impossible to use this analysis tool. The latter will be explained in section 5.4.
Furthermore we are investigating the viscosities of these different solutions
in order to comment on the relaxation times of the solutions. Throughout
the analysis, we will focus on the temperature dependence of each of these
characteristics, and how it changes, with higher squalane concentrations in the
mixtures.
Last, because the literature regarding these type of observations is scarce, we
have decided to compare our results with existing data obtained in the research
group Glass & Time from Roskilde University. This means that we will bring
a qualitative description of our own observations, as well as an analysis of data
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obtained by others.
1.4 Problem Formulation
Because of the change in the aim of this project so late in the process, we will
now bring our original problem formulation as well as a more updated version,
that reflects the later discoveries we made.
Can we observe the shear mechanical counterpart to the Debye-like relax-
ation peak dominating the relaxation spectra in dielectric spectroscopy for the
monohydroxy alcohol 2E1H, in the high viscous phase, and how will the addition
of squalane affect this observation?
This was later changed to the following.
Which changes in the mechanical relaxation spectrum can be observed, when
diluting 2E1H with squalane, and what does this say about the properties of
both liquids?
1.5 Structure of the Thesis
In chapter 2, we will first bring a description of the glass transition accompanied
by a brief introduction to some of the unanswered questions in this research
field, and how this relates to our problem. Also, it will explain some of the
terms used in our analysis.
Chapter 3 contains a description of the Extended Maxwell model and
the Rouse model that are used to model viscoelastic materials and polymers
respectively. We end the chapter, by showing how it is possible to model the
behaviour observed for 2E1H by Gainaru et al. [2013] by adding the two models.
In chapter 4, we will bring a description of our experimental setup and
methods, and the liquids we chose to work with. We have included an overall
description of how to calculate the shear modulus from the measured capaci-
tance for the piezo-ceramic shear transducer gauge (PSG) as well as a basic
description of theory behind dielectric spectroscopy.
In chapter 5, we bring a thorough analysis of the data we have obtained
during this last semester. We will describe the results we were expecting based
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on the literature, descriptions of the test results we performed to ensure the
best possible measurements, and the main analysis, which will be compared to
data from the Glass & Time data repository.
Chapter 6 and 7 will contain a discussion of our results and a conclusion
respectively.
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Chapter 2
Phenomenology Behind the
Glass Transition
This chapter contains a description of the basic concepts behind the glass
transition as well as descriptions of some of the big questions related to this
research field.
2.1 What is a Glass?
When cooling a liquid with a low cooling rate, the volume of the liquid will
generally decrease, and eventually, the liquid will reach the melting point, TM .
When cooling below this point, the free energy per particle for the crystalline
form will be lower than that of the energy per particle in the liquid form, and
the liquid will eventually crystallize. Here it suffers a discontinuity in the
slope on a Volume-Temperature plot and will after crystallization contract at
a slower rate.
If the cooling rate is high enough, then the liquid will not have time to
equilibrate, and it will maintain the same contraction rate as that of the liquid
state, thereby avoiding crystallization. At this point, the liquid is said to be
super-cooled. From here on, the viscosity and relaxation times of the liquid
will increase very fast, and by further cooling, the liquid will not have the
time to adjust and it will eventually become a glass. This basically means,
that it has the rigidity of a solid, but the molecules are disordered as if it
were a liquid. In a volume- temperature plot, during the metastable state, the
liquid will follow the same slope, until it reaches the glass transition, where its
slope will be approximately equal to that of a crystal, because the two ”states”
now have the same degrees of freedom. This can be seen in figure 2.1. The
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temperature, where this happens, Tg, is dependent of the cooling rate, so fast
cooling rates will result in a higher Tg and vice versa. Sometimes Tg is defined
as the temperature where the viscosity is 1012 Pa·s or when the characteristic
time is 100 or 1000 seconds.
The behaviour of supercooled viscoelastic materials can be described via
the Maxwell model, which assumes, that the rate of deformation caused by
both the elastic and viscous properties of the material is additive. It gives rise
to a complex shear modulus of the following form
G∗ = G∞
iωτM + (ωτM )
2
(1 + (ωτM )2)
(2.1)
where ω is the frequency, G∞ is the high frequency shear modulus, τM is the
Maxwell relaxation time defined as τM =
η0
G∞ , where η0 is the low frequency
viscosity, in this thesis called the Maxwell viscosity. For a more thorough
derivation of this, see appendix A.
The behaviour of the super-cooled liquid has some interesting properties,
where the three biggest questions in the research of the glass transition can be
divided into three non’s; non-Arrhenius, non-exponential, and non-linearity,
[Hecksher, 2011]. We will describe the first two shortly, while non-linearity
is not as relevant to our project, so it will not be described here. Moreover,
we will shortly explain time-temperature superposition, as it will be used
extensively in the representations of our experimental work.
2.2 Non-Arrhenius Behaviour
One of the greatest issues involving the glass transition is to explain the
dramatic increase in the viscosity, η, and the characteristic time, τ , of the
system near the glass transition.
The general viewpoint is based on describing the viscous flow in a supercooled
liquid as a thermally activated process related to a rearrangement of the
molecules, which would allow us to describe the increase in both the viscosity
and characteristic time via the Arrhenius equation as follows
η = η∞e
Ea
kBT , τ = τ∞e
Ea
kBT (2.2)
where η∞ and τ∞ is respectively the viscosity and the characteristic time
in the high temperature limit, Ea is an activation energy, kB is Boltzmanns
constant, and T is temperature. However, a stronger temperature dependence
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Figure 2.1: A volume (or enthalpy) - Temperature plot showing some basic
properties of glass forming liquids. Whether the glass transition will occur at
temperatures Tg,1 or Tg,2 depends on the cooling rate. From Hecksher [2011].
is usually observed in liquids, as the activation energy also seems to have a
temperature dependence. The relation between log10(η) and Tg/T is shown
in figure 2.2, where the deviation from Arrhenius behaviour for some of the
liquids is very clear. The only two points they all have in common are in the
high temperature limit, where the viscosity is usually said to be 10−5 Pa·s,
and when the glass transition occurs, that is T = Tg, where the viscosity per
definition is 1012 Pa·s. Perfect Arrhenius behaviour corresponds to a straight
line in the plot.
In this thesis, we will not be examining the deviation from Arrhenius
behaviour, but we will use Arrhenius curves, to compare our experimental
results.
2.3 Non-exponential Behaviour
Non-exponential or non-Debye relaxation is used for the relaxation occurring
in a liquid after a perturbation, and to measure how an equilibrium is reached
afterwards. In the time domain, the ideal relaxation process would be described
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Figure 2.2: The figure shows an Angel plot of the deviation from Arhhenius
behaviour of different viscous liquids near the glass transition. Perfect Arrhe-
nius behaviour corresponds to the straight line, and the curves corresponding
to the more fragile liquids having large curvatures. From Angell [1988].
by a relaxation process of the following form
r(t) = exp(−(t/τ)) (2.3)
where r(t) is the response, and τ is a characteristic time. An exponential
response after a step input is seen in figure 2.3
In the frequency domain this is as follows:
r(ω) =
iωτ
1 + iωτ
(2.4)
Both the Maxwell model and the Debye model give rise to relaxation processes
of this type, see figure 2.4, where the slope on the left, and right side of the
imaginary part of the response function, that is on a log10(r
′′) over log10(ω)-
plot, is +1 and −1 respectively. For most liquids, this behaviour is not
observed, and a slope of approximately −1/2 is seen on the right side of the
peak. Explanations of this behaviour is often divided into two. Either, the
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Figure 2.3: (a) A step-like perturbation, σ, at time t causing (b) an exponential
response.
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Figure 2.4: The figure shows relaxation processes that are Debye as log10(r
′)
and log10(r
′′) over log10(ω). The blue curve represents the real part, and green
curve is the imaginary part of a given response function.
relaxation process is simply not of exponential nature, or the non-exponential
process is the superposition of microscopic exponential processes.
The question of non-exponential behaviour is interesting when working
with mono-alcohols, because these types of liquids actually do show a dielectric
relaxation process in the low frequency domain showing exponential behaviour.
2.4 Time-Temperature Superposition
The relaxation processes for many liquids are often assumed to obey the Time-
Temperature Superposition Principle (TTS), that is the shape of the relaxation
curves are independent of the temperatures, and the curves can coincide, if
the frequency is scaled after the loss peak frequency, and the given response
functions are normalized by its strength. This can be described mathematically
as follows: For a given response function, χ(ω), TTS is obeyed, whenever
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functions, N and φ exist such that
χ(ω, T ) = N(T )φ(ωτ(T )) (2.5)
[Olsen et al., 2001] where N(T ) is the temperature dependent relaxation
strength, and φ(ωτ(T )) describes the shape of the relaxation curve. TTS is
not universal, but it is a simple way to compare data over a large number
of temperatures, so in this thesis it will be used, when comparing our shear
mechanical data.
This ends our introduction to the phenomena regarding the glass transition.
We will now continue and use a model-based approach to describe the mechan-
ical behaviour of super-cooled viscoelastic materials and polymers, to be able
to describe the phenomena observed for monohydroxy alcohols observed in
Gainaru et al. [2013].
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Chapter 3
Modelling of viscoelastic
polymers
In the following chapter, we will present an implementation of the Rouse
model as presented in Ferry [1980] with an implementation of the extended
Maxwell model. We present a short description of the addition of a CPE
(constant phase element) to the Maxwell model, as well as the Rouse model for
undiluted polymers, where interactions from a solvent can be neglected, and
hydrodynamic interaction between the polymer beads is abolished because of
the presence of foreign polymer segments within the domain of a given polymer.
This model is thought to model the shear modulus of a mono-alcohol as the
sum of a contribution from a Rouse term and a Maxwell term. Because we
never were succesfull in observing the crossover in our own data, we will try
to fit the model with the data obtained by Gainaru et al. [2013]. For further
information about the Maxwell model and the Rouse model, see appendix A
and C respectively.
3.1 The Extended Maxwell Model
At Glass & Time at Roskilde University, it is common to use the extended
Maxwell model when describing the α-relaxation. The extended Maxwell
model includes an extra part to the parallel connection of the Maxwell model
in the form of a CPE, which can be seen in figure 3.1. The Maxwell model
gives a slope of −1 on the high frequency side of the α-relaxation peak in a
log10(G
′′) over log10(ν) plot, whereas the extended Maxwell model can give the
desired slope of −1/2 as is generally seen for most liquids. It is a generalisation
of the B.E.L. model presented in Barlow et al. [1967], which is normally used
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Figure 3.1: The electrical network analog to the extended Maxwell model.
to describe viscoelastic behaviour for non-polymeric liquids. The compliance
of this last addition to the system is given by
JCPE = q(iωτM )
−α (3.1)
which then gives us the total shear modulus as
G(ω) =
1
Jtotal
= G∞
1
1 + 1iωτM + q(
1
iωτM
)α
(3.2)
The dimensionless quantity α, for which we have 0 < α < 1, makes it possible
to control the high frequency slope of the α-peak. q makes it possible to control
the width of the curve. A plot of the extended Maxwell-model is shown in
figure 3.2. For further information about the extended Maxwell model, see e.g.
Saglanmak et al. [2010].
The extended Maxwell model and the Rouse model will be simultaneously
used for modelling relaxation processess of mono-alcohols.
3.2 The Rouse Model
Rouse theory predicts a model, which is a sum of contributions from N Maxwell
elements in a parallel connection, see figure 3.3, resulting in N Rouse modes.
Each mode represents motion away from an instantaneous configuration, where
the segments of the polymer are coordinated along the contour of the polymer,
similar to segments on a vibrating string. In a polymer containing N sub-
molecules (or monomers), there will be exactly N Rouse modes. Each Rouse
mode is modelled mathematically as a Maxwell element in series with each
other. For a more detailed description of some aspects of the Rouse model, see
appendix C.
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Figure 3.2: The real (blue) and the imaginary (green) part of the extended
Maxwell-model plotted with q = 0.9 and α = 0.5.
Figure 3.3: The figure shows a mechanical model of N Maxwell elements in a
parallel connection.
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Rouse theory predicts the following equations for undiluted polymers of
molecular weight below the order of 20, 000 Da
G′ =
(
ρRT
M
) N∑
p=1
ω2τ2p
1 + ω2τ2p
G′′ =
(
ρRT
M
) N∑
p=1
ωτp
1 + ω2τ2p
(3.3)
where ρ is density, R is the gas constant, T is temperature in Kelvins, M is
the molar mass of one monomer, ω is the angular velocity, τp is the relaxation
time and p is the summation index for the N Rouse modes of the polymer. In
the terminal zone of the frequency spectra, the properties of the polymer are
dominated by the terminal relaxation time given as
τ1 = τp · p2 (3.4)
This is an important quantity, since we expect to observe the crossover in the
terminal zone of the frequency spectra, in which case τ1 may indicate whether
or not we observe a genuine crossover, and not just noise generated by the
experimental equipment.
3.3 The Model
The proposed model is suggested by Bo Jakobsen, and it consists of the sum
of a Rouse model and an extended Maxwell model. It is based on the model
proposed by Gray et al. [1977] consisting of the sum of the Rouse model and
the Maxwell model. The Rouse part is modelled with respect to equation 3.3
as follows
G′ =
GR
N
N∑
p=1
(
ωτ1
p2
)2
1 +
(
ωτ1
p2
)2
G′′ =
GR
N
N∑
p=1
ωτ1
p2
1 +
(
ωτ1
p2
)2
(3.5)
where ρRT/M is parametrized as the total shear GR with respect to the number
of Rouse modes N . The extended Maxwell model is implemented as presented
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in equation 3.2, and the final form of the model is simply given as the sum of
equation 3.5 and 3.2.
G = G∞
1
1 + 1iωτM + q
(
1
iωτM
)α + GRN
N∑
p=1
ωτ1
p2
1 +
(
ωτ1
p2
)2 (ωτ1p2 + i
)
(3.6)
As an example of how we meant to use this model to fit the observed
crossovers, the data from Gainaru et al. [2013] have been fitted with MATLAB
to equation 3.6 for N = 10, with fitted parameters; τ1/s = 5.9334 · 103,
GR,Norm/Pa = 1.385 · 10−2, G∞, Norm/Pa = 1.1466, τM/s = 2.229, q = 1.317 and
α = 0.4411, where norm indicates a normalization. As seen in figure 3.4, the
crossover of the fitted curve have a somewhat larger plateau than the imaginary
part of the measured data, which is also seen in the real part. Apart from
this, equation 3.6 fits the data from Gainaru et al. [2013] in a satisfactory way,
indicating that 2E1H may be described as a polymer of low molecular weight.
We chose not to put further effort in working with this model, as we were not
able to produce our own data containing obvious crossovers, were it could be
useful.
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Figure 3.4: Data acquired from Gainaru et al. [2013] fitted with equation 3.6.
Blue curves represent the fit. (a) is the imaginary part and (b) is the real part
of the normalized shear modulus.
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Chapter 4
The Experimental Setup
This chapter will contain a description of the different experimental setups that
are used in the present work. First we will present a description of piezo-electric
materials and their properties followed by the general concepts of our dielectric
and mechanical measurements, before moving on to a thorough description of
how the experiments were performed.
4.1 Piezo-Electric Materials
The PSG transducer consists of three piezo-ceramic discs. Piezoceramic mate-
rials have the ability to convert an electrical field into a mechanical strain, so
when an external field is applied, the discs will expand or retract dependent
on the direction of both the electric field and the polarization of each disc.
In continuum physics, it is possible to describe a material by its elastic or its
electric properties. For an elastic material, one can apply an external stress,
σ = FA , which will result in a deformation from length L to length L+ ∆L of
the material. The deformation is described by the strain, γ = ∆LL , and the
ratio between the stress and the strain is called Young’s modulus, Y .
σ = Y γ (4.1)
It is common to use the inverse of Young’s modulus, s,
σs = γ (4.2)
When we want to describe the electrical abilities of a given material, we
consider a capacitor with capacitance, C, charge Q and distance l between the
conducting plates. For an ideal capacitor, one can define the capacitance as
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C = QU , where U is the voltage between the capacitor plates. For a parallel-plate
capacitor, this can be rewritten as
C =
Q
U
= 0
A
l
=
DA
El
(4.3)
where 0 is the vacuum permittivity, A is the area of the capacitor plates, E is
the electric field, and D is the displacement field.
If a given material both have electric and elastic properties, as in the case of
the PSG, we can put the two expressions in a form of a matrix(
γ
D
)
=
(
s d
d 
)(
σ
E
)
where d is some constant with the dimension q/N. In a mechanical free
medium we have σ = 0 giving us D = freeE and in a mechanical clamped
medium we have γ = 0, giving us
0 = sσ + dE ⇒ σ = −d
s
E (4.4)
which gives us
D = dσ + freeE = (free − d
2
s
)E
= clampedE < freeE
(4.5)
4.2 The Piezoelectric Shear Modulus Gauge
(PSG)
The experimental setup consists of a multimeter that covers a frequency
range from 10−3 to 102 Hz, and a LCR-meter that covers from 102 to 106
Hz. The LCR-meter measures the capacitance directly, while the multimeter
measures the capacitance via a voltage divider, where the voltage input, Vin, is
known, and the voltage output, Vout, is measured. In that way, the unknown
capacitance can be found from the ratio between the voltages.
Calculating the Shear Modulus
Here we present a calculation of the shear modulus from the capacitance based
on the description given by Niss and Jakobsen [2003], but for a more detailed
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description, see Christensen and Olsen [1995].
As mentioned before, the PSG transducer consists of three piezo-ceramic
discs, each pair separated by 0.5 mm. Each of the three discs of the PSG
are coated with two electrodes, making them act like electrical capacitors. If
the free space between the plates is filled with another material, the resulting
partial clamping of the plates will give rise to a decrease in the capacitance of
the plates, which will make it possible to determine the stiffness of the given
material, and thereby determine the viscosity of a liquid.
The middle disc is in parallel circuit with the series of the two other discs.
They are all polarized in the same direction, but the electrical field runs in
the opposite direction over the middle disc, therefore giving the middle disc a
opposite oriented displacement field, from those of the two others, see figure
4.1, so when the middle disc expands, the two others retract and vice versa.
Because the radius, R0, of the discs greatly exceeds the liquid layer thickness,
d, it results in a shear stress on the liquid, and because the disc is affected
by the shear stress from the liquids on both sides, it is subject to twice the
tension. The voltage drop over the central disc is also twice that of the others,
because of the way they are connected, see figure 4.1. The double tension and
double voltage give rise to a double displacement and double charge for the
middle disc compared to the others, therefore the capacitance of the middle
disc is the same as for the two others, and the total capacitance is 3/2C because
Zserie =
2
iωC
(4.6)
Yparallel =
iωC
2
+ iωC =
3
2
iωC (4.7)
The double displacement results in two neutral planes located 1/3d from
the outer discs. Finding the total capacitance of the system is the equivalent of
finding 3/2 of the capacitance of one of the disc, where a liquid layer of thickness
1/3d is placed between the disc, and an infinite rigid support corresponding to
the neutral planes mentioned before.
From here, the measured capacitance, Cm, of the disc is found by using the
elastoelectric compliance matrix and an integration of charge, and is expressed
as a function of the outer radius, R0, as
Cm =
2pie31R0
Ezh
ur(R0) + Ccl (4.8)
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Figure 4.1: The PSG consists of a parallel connection between the middle disc,
and a serial connection of the two others. From Christensen and Olsen [1995].
where ur(R0) is the radial displacement, Ez is the electric field, h is the
thickness of the disc, Ccl is the capacitance, when the system is clamped, and
e31 is an element of the elastoelectric matrix with a unit of charge per area.
After this, the equation of motion is solved, to obtain an expression for the
outer radius, R0. The boundary conditions used for solving this problem are
as follows: The center of the disc is stationary, it is free to move on the edges,
and the upper side of the disc, and on the side, where it is in contact with the
liquid, we have a no slip effect.
The cooling of the liquid, from room temperature to some temperature
close to the glass transition temperature of the liquid in question, will make
the liquid contract. This means that one needs to introduce a degree of filling
in the calculation of the shear modulus, given as
xl =
Rl
R0
(4.9)
where R0 is the radius of the disc and Rl is the radius of the liquid. The
contraction is assumed to be purely radial. In practice, this quantity is
not easily determined because one has to know how the thermal expansion
coefficient of the liquid evolves with temperature, and one has to know the
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degree of filling at room temperature before cooling. Fortunately, the thermal
expansion coefficient does not change much with temperature for many liquids
and therefore is assumed constant in the calculation of the shear modulus. Also
it is assumed that the ratio Rl(T0)/R0 ≈ 1, where Rl(T0) is the liquids radius at
room temperature, that is, it is assumed that the transducer is perfectly filled
before cooling. This leads to the following expression for the degree of filling
to be used in the algorithm for calculating the shear modulus
xl(T ) =
Rl(T0)
R0
(
1 +
α(T )∆T
2
)
≈ 1 + α∆T
2
(4.10)
where ∆T = T − T0, T0 is room temperature and α is the thermal expansion
coefficient of the liquid. The factor 1/2 comes from a first degree approximation.
In order to make the problem dimensionless, we now introduce the char-
acteristic modulus and inertance as Gc =
c11dh
R20
and Mc = ρdh respectively,
where ρ is the density of the liquid, and c11 is the relation between stress and
strain, when no external electric field or radial stress is present. This gives rise
to a characteristic frequency
ωc =
Gc
Mc
(4.11)
which can be found from the first and second resonance frequencies of the
empty transducer.
We can now normalize this by the relevant characteristic quantities to obtain
S =
(
ω
ωc
)2
(4.12)
and
V =
G(ω)
Gc
(4.13)
All this is written into the dimensionless quantity, F , as
F (S, V, xl) =
Cm − Ccl
Cf − Ccl (4.14)
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which is a directly measured quantity from the capacitance. Here Cf is the
capacitance, when the system is free to move.
Because both Ccl and Cf are frequency dependent, due to an energy dissipation
in the ceramics, a new normalized capaitance, Φ, is introduced, that relates
the liquid-filled transducer to the empty transducer as
Φ(S, V, xl) =
Cm − Ccl
Cr − Ccl =
F (S, V, xl)
F (S, 0, 1)
(4.15)
where Cr is the capacitance of the empty transducer measured under the
exact same circumstances as the filled transducer. When calculating the shear
modulus from a given measurement, the reference spectrum is multiplied by
a scaling factor, to fit the reference capacitance in the low frequency limit
to the measured Cf = Cm(ω → 0) for the liquid filled transducer. This is
done, because the reference capacitance is the value used for Cf in the shear
modulus algorithm, and as such should equal the low frequency limit of Cm,
see figure 4.2. The effect of not scaling the reference spectrum is seen when
plotting the real part versus the imaginary part of the calculated shear modulus.
The Nyquist plot will be shifted to the left or right because of errors in the
calculated shear modulus. This will be discussed in section 5.2. Also, Ccl is
calculated from the reference spectrum by
Ccl
Cf
= 1− k2p (4.16)
where kp is a measure of the piezoelectric effect. The shear modulus is now
obtained by inverting equation 4.15
V =
a− bΦ +√(a− bΦ)2 − 4Φc(Φ− 1)
2Φc
(4.17)
where a, b, and c are all functions of xl and S, giving us
G(ω) = Gc
a− bΦ +√(a− bΦ)2 − 4Φc(Φ− 1)
2Φc
(4.18)
Dielectric Measurements
This brief introduction to dielectric measurements is based on descriptions from
Niss and Jakobsen [2003] and Griffiths [2008]. When we turn on an electrical
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Figure 4.2: The real part of the capacitance of an empty transducer, Cr (), a
liquid filled transducer, Cm (4), and a calculated clamped capacitance, Ccl
(). The reference capacitance merges with Cf for the liquid filled transducer,
when ω → 0. This illustration is from Christensen and Olsen [1995].
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field, E, that is small enough for us to consider the deformation between two
capacitor plates as linear, the sample will be polarized, and the polarization
per unit volume, P , can approximately be described by
P = 0χeE (4.19)
where 0 is the vacuum permittivity and χe is the electric susceptibility of the
medium. We define the resulting electric displacement as
D ≡ 0E + P
= 0E + 0χeE
= 0(1 + χe)E = E
(4.20)
where the permittivity is defined as  ≡ 0(1+χe), and we define the dielectrical
constant as r = /0. This gives us the relation between displacement and
induced electric field as
D = 0rE (4.21)
The polarization of a given material, when placed in an electric field is given
by r (or just  from here on) and it is a result of two distinct processes that
will be described shortly here; the induced polarization and the reorientation
of permanent electric dipoles.
Induced Polarization
The induced polarization is the result of the local electric field, Eloc, near a
molecule. For a neutral molecule, that has no permanent dipoles, the local
field will result in the positive charge moving in one direction, and the negative
charge in the opposite, thereby giving the neutral molecule a small induced
dipole moment. The induced dipole moment depends on the geometry of the
molecule as well as how tight the nuclei are bound to each other. If we assume,
that the local field is independent of geometry, so it will always be proportional
to the applied field. We can describe the induced dipole moment per molecule
as
pi = αiEi (4.22)
where Ei is the local field at a given molecule i, and αi is the induced polar-
ization coefficient of molecule i. At high frequencies, the greatest contribution
to the dielectric constant is given by the induced dipole moment, because the
whole molecules do not have time to adjust to the applied electric field.
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Reorientation of Permanent Dipoles
Another contribution to the dielectric constant is the permanent molecular
dipoles which are associated with rotation of molecules with an uneven arrange-
ment of charges. The contribution of the reorientation will have the greatest
contribution to the dielectric constant at low frequencies, where the molecules
have the time to align after the applied electrical field. The reorientation of the
molecules in a liquid will be limited by the interactions of nearby molecules,
which are hindering the rotation. It can be described as
P =
1
V
N∑
i=1
µi (4.23)
where P is the total dipole moment per volume, V , and µi is the dipole moment
of molecule i.
Calculation of 
When we want to measure the dielectric constant, , of a sample, we simply
use a dielectric measuring cell with a known capacitance, Ce, and perform
measurements, where a liquid is placed in between the capacitor plates. From
the measured capacitance, Cm, we can calculate the complex dielectric constant
via the following equation
Cm =
0A
d0
 = Ce⇒  = Cm
Ce
(4.24)
This method is very easy to work with compared to mechanical spectroscopy,
because only a single reference measurement is needed, and the equipment
measures the capacitance directly.
4.3 The Experimental Approach
This section will describe how the solutions were made, and how the experiments
were performed.
The Solutions
For the experiment, we chose to use mixtures of 99.6 % 2E1H and 99 %
squalane. 2E1H was chosen, because it is a very well-studied glassforming
mono-alcohol, see e.g.Jakobsen et al. [2008], Wang et al. [2005], Zorebski et al.
[2011], Huth et al. [2007] and many others, and because it was one of the
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studied alcohols in Gainaru et al. [2013], where a mechanical counterpart to
the dielectric Debye peak was first discovered. Squalane was chosen as the
non-alcohol, because it is a good glassformer that does not crystalize very
easyly, and also because a series of dielectric measurements were performed
before, which gives us something to compare our shear mechanical results with
[Wang et al., 2005]. Both liquids were purchased from Sigma-Aldrich.
The solutions of SQUx2E1H1−x, where x is the mole fraction of squalane
in the mixture, were made in the following way. The two bottles containing
2E1H and squalane respectively, were each given an hour in the exicator, to
remove any water contaminating the liquids. After deciding the mixing ratio,
the weight of the sample holder with and without squalane was measured, and
the wanted mass of 2E1H was calculated, and mixed with the squalane before
it was given another 30 minutes in the exicator. The weight of the sample was
measured again, and the mole fraction of squalane in the sample was calculated
using the mass of the squalane after the first exication.
The Experiments
The samples were loaded into the PSG transducer with a syringe and a needle,
and the transducer was lowered into the cryostat. Each experiment consisted
of 7 measurements with 7 different temperatures covering frequencies ranging
from 10−2 to 106 Hz. We decided to not go all the way down to 10−3 Hz,
because measurements at frequencies this low also takes a lot more time to
perform, so we chose to do more experiments at the expense of a wider frequency
range. Each frequency scan was performed once, and each temperature step
was 3 K from the previous. The temperatures were estimated from dielectric
spectroscopy of SQUx2E1H1−x mixtures performed in Wang et al. [2005]. Each
time the system was cooled down to the next temperature, it was given three
hours to reach equilibrium, before the next frequency scan was performed.
The temperatures were chosen in areas were the α-peak appeared on the
imaginary part of the dielectric constant plots in Wang et al. [2005], see figure
1.9. During our work, a few of our dielectric measurements were made in
a different cryostat, where a slight temperature difference was measured by
Hecksher [2011] to be −0.15 K. We decided that this temperature difference is
small enough to be neglected in our work. In figures 4.3 and 4.4 an example of
the measured raw data of 2E1H is seen. It shows the real and imaginary part
of the measured capacitance respectively plotted with a reference capacitance.
The analysis of our experimental results will now be presented.
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Figure 4.3: The real part of the capacitance of a measurement of neat 2E1H.
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Figure 4.4: The imaginary part of the capacitance of a measurement of neat
2E1H.
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Chapter 5
Data Representation and
Analysis
This chapter contains the experimental results collected during our work as
well as a thorough analysis of it. It is divided into three main parts as follows.
The first part is a description of which results we are expecting to see based on
what was observed in earlier dielectric and shear mechanical investigations of
monohydroxy alcohols, especially 2E1H. The most important articles, we will
be referring to, are Wang et al. [2005], because they also performed dielectric
measurements on mixtures of 2E1H and Squalane, and Gainaru et al. [2013],
because they are the first ones to observe a mechanical signal in a frequency
range, that is similar to the well-known dielectric Debye-peak.
The second part of the chapter consists of a presentation of the different precau-
tions we took to ensure consistency. We will be testing some of the parameters
included in the program used to calculate the complex shear modulus from
the measured capacitance, to see how variations of these parameters affect our
observations, among various test-measurements we have performed.
The third part consists of a presentation of the data we have collected during
the last semester. We will present the experimental data along with a thorough
analysis of them based on the following three observations by Jakobsen et al.
[2013]:
i) The slope of the log10(G
′′)/ log10(ν)-curve equals 1 at low frequencies, then
changes to 2/3 before the α-peak.
ii) The mechanical α-relaxation peak is a lot broader for monohydroxy alcohols.
iii) The low frequency viscosities is higher than the Maxwell viscosity calculated
with the relation η0 = τMG∞.
Lastly, we will analyze existing data from the data repository from Glass and
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Time at Roskilde University first presented in Hecksher et al. [2013], Jakobsen
et al. [2005], and Jakobsen et al. [2008] with the same three methods.
5.1 Expected Results
While one of the primary goal of our measurements is to investigate the me-
chanical properties of the solutions, and see how they evolve with increasing
concentrations of squalane, there is also observations to be made from the
dielectric measurements. Wang et al. [2005] made dielectric measurements
of 2E1H and squalane with solutions comparable to ours, so it is obvious to
compare our results with those.
Dielectric Measurements
Our expectations for the dielectric measurements are largely based on the
observations of Wang et al. [2005]. When diluting the 2E1H with squalane,
we expect to see the structural relaxation peak somewhere in between the
peaks found in respectively neat squalane and neat 2E1H as well as a weakened
Debye-peak in the low frequency domain, which will eventually merge with
the α-peak, as the concentration of squalane is increased. A rapid breakdown
of the Debye relaxation amplitude is expected at intermediate concentrations.
When the solution reaches a mole fraction of 0.8 squalane, the Debye peak
should be so weak, that we probably no longer will be able to observe a signal.
We also hope to see the same values for the loss tangent, tan(δ) = −′′/′, at
1 kHz as observed in the article. The measurements of Wang et al. [2005] is
shown in figure 1.9.
Mechanical Measurements
Because Gainaru et al. [2013] are the first and only ones to observe a mechani-
cal signal, our analysis is based on the observations that can be made from
their results. These results for mechanical measurements of neat monohydroxy
alcohols are as follows.
i) The slope of the low frequency area of the α-curve on a log10(G
′′)/ log10(ν)
plot is subject to a sudden change from 1 at lowest frequencies to 2/3 at higher
frequencies. That is, a crossover occurs, see figure 1.8.
ii) It can be seen from their data representations, see figure 1.8, that the curves
of the α peaks for mono-alcohols are broader than the α-peaks seen in non
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Figure 5.1: Results from Gainaru et al. [2013]. Circles refer to 2E1H, diamonds
to 5M3H, squares to 4M3H, and crosses to small molecules devoid of a Debye
process. The inset shows the relationship between the dynamic shear viscosity
and the Maxwell viscosity.
mono-alcohols. This phenomenon has been observed by Jakobsen et al. [2013].
iii) It is observed, that the dynamic shear viscosity for ν → 0 for the tested
mono-alcohols differs from the Maxwell viscosity, which also can be interpreted
as τM 6= τLp, where for typical glass forming liquids, it is often seen that
τM ≈ τLp. This is illustrated in the inset in figure 5.1.
We hope to observe a crossover in the low frequency domain for the neat
2E1H, with a slope less than 1 and close to 2/3 as observed in the article, but
there is a good chance that the equipment is not sensitive enough, and the
solution is therefore mixed with squalane. If we see it, we expect to see the
crossover occurring at the same frequency as the one observed in Gainaru
et al. [2013], after the curves are scaled with the loss peak. To make sure
that we see a clear signal, we use solutions of 2E1H and squalane over the
entire concentration range, where we expect to observe the strongest signal,
when the dielectric Debye and the α-relaxation peaks are closest together.
The diluent effects for 2E1H and squalane has not been tested for shear
45
mechanical measurements, however Wang et al. [2005], observed two strong
signals and close peaks around solutions with 0.5 mole fractions of squalane in
their dielectric measurements. Therefore, we hope to see a similar effect for
our mechanical measurements. When we dilute the sample with squalane we
expect the crossover to disappear at least before we reach a mole fraction of 0.8
squalane, because it is around there, the extra low-frequency signal disappears
in the dielectric measurements. It may disappear a lot sooner, because the
mechanical signal is very weak compared to the dielectric Debye signal, but
the mechanical signal has never been investigated for diluent samples, so we
cannot know, for how long, if at all, it will be visible.
The α-relaxation peak is more ”round”, where it is more sharp for traditional
liquids Jakobsen et al. [2013]. We interpret this as a larger numerical value
of the second derivative of log10(G
′′) with respect to log10(ν), therefore, we
expect to see a change in the steepness of the d log10(G
′′)/d log10(ω) plot as we
dilute the sample with squalane. The rounding of the curve, represented as the
”half-width”, log10(νLp)− log10(νG′′=1/2G′′Lp), will be shown schematically for
all our solutions, and we expect it to show a great decrease in this half-width
of the curve, as the squalane becomes the dominating part of the solutions.
When comparing the Maxwell viscosity to the dynamical shear viscosity for
the neat 2E1H at low frequencies, we expect to observe a ratio that differs
from 1, which is the value one would expect for more traditional glass-forming
liquids. When diluting the sample, we hope to see η0 gradually approach η
′,
until we get η0 ∼ η′ for the neat squalane sample. This way of analyzing the
data will be described more thoroughly in section 5.5.
Comparison of the Shear Mechanical and Dielectric Data
For non monohydroxy alcohols, it has been shown, that the structural re-
laxation peak is often found within the same decade for shear mechanical
and dielectric measurements, where the dielectric appears slower than the
mechanical, see Jakobsen et al. [2008], Jakobsen et al. [2012] among others.
We hope to observe the mechanical counterpart to the dielectric Debye peak
within one decade of frequency of the Debye peak itself. This has of course
never before been observed, but it could be interesting, to see if the signal
follows the tendencies of the structural relaxation for mechanical and dielectric
measurements respectively. We will use the point where the crossover occurs
for comparison.
Furthermore, we wish to compare the two types of measurements, so we can
determine, whether the low frequency signal in the mechanical measurements
is merely the dielectric relaxation peak, caused by liquid getting caught inside
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the ceramics of the shear transducer.
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5.2 Test Results
This section contains descriptions of the different test experiments we performed
as well as comparison of our own measurements with existing data from different
sources.
First we will describe two adjustable parameters, the thermal expansion
coefficient and the scaling factor, from the program used to calculate the shear
modulus from the measured capacitance. Then we will discuss our ability to
reproduce measurements of neat 2E1H, compare our dielectric results to those
obtained by Wang et al. [2005], followed by a presentation of a non-alcohol,
5-polyphenyl-4-ether (5-PPE), and the effect of this measurement on our data
analysis. Last, we will present squalane measurements performed to investigate
the thermal history dependence, to ensure that our three hours of waiting was
enough to obtain thermal equilibrium, before measurements were made.
Determining the Thermal Expansion Coefficient
Even though the thermal expansion coefficient, α, is assumed to be constant,
as mentioned in section 4.2, it remains a difficult task to actually estimate a
viable value to use in the calculation of the shear modulus from the capacitance
presented in Christensen and Olsen [1995]. Since this thesis concerns the
properties of diluent solutions, α must be a function of the ratio between the
diluents. This relation may not be linear in nature however, but linearity is
assumed, since no data exist for the applied solutions and a thorough study of
α might justify a thesis in its own. Furthermore, it has been proven difficult
to obtain data for α from literature for neat squalane and neat 2E1H around
their glass transition temperatures. Korotkovskii et al. [2012] and Zorebski
et al. [2011] have measured α in a temperature range from 298.15 K to 413.15
K for squalane and from 293.15 K to 318.15 K for 2E1H, and their results have
been plotted in figure 5.2. Since our experiments are performed at roughly
100 K - 150 K below room temperature, we need to somehow extrapolate the
values of α. Since α does not follow an exponential growth with temperature,
but seems to asymptotically approach some value, we choose to fit a second
degree polynomial to the data points until we see a change in the monotony
conditions. This extrapolation is also shown in figure 5.2, and from this, we
estimate an approximate value for α = 7.5 · 10−4 K−1.
Scaling Factor
When zooming in on the Nyquist plot of the calculated shear modulus, a small
extra kink is observed in the terminal region. When choosing the value of the
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Figure 5.2: Empirical values of the thermal expansion coefficient for squalane
and 2E1H at approximately one atmosphere of pressure with extrapolated
curves. Data points is from Korotkovskii et al. [2012] and Zorebski et al. [2011]
respectively.
scaling factor introduced in section 4.2, one must take into account whether to
fit the end of this small kink or the end of the main semicircle. In figure 5.3
two different scaling factors have been used, one fitting the kink and one fitting
the main curve for a measurement on neat 2E1H. To determine the impact
of the choice between the two scaling factors on the shear modulus, G′, G′′
and the derivative of G′′ have been plotted in figure 5.4. It is seen that only
G′ is affected in a notable way by the different choices of the scaling factor.
Since this thesis mainly concerns the loss signal of the different solutions, we
estimate that the choice of scaling factor will not have a notable impact on
our results, and we choose to fit our experimental data to the kink.
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Figure 5.3: Cole-Cole plot of a measurement of neat 2E1H, with scaling factor
(a) 1.001 and (b) 1.0005 respectively.
Reproducibility of 2E1H
Three measurements of neat 2E1H were performed for reproducibility pur-
poses, where only the second measurement behaved different than expected.
Where one would expect that the slope of the curve did not approach 1 at
relatively high frequencies, that is exactly what happens for the second mea-
surement. This measurement is also inconsistent with results obtained for
2E1H by Gainaru et al. [2013]. The great inconsistency between the first two
measurements made it necessary to perform a third measurement, to determine
which of the two first showed the ”real” behaviour of 2E1H. All three results
along with those from Gainaru et al. [2013] are presented in figure 5.5, and it
is obvious, that one of the measurements is inconsistent with the two others.
From these curves, we conclude, that something went wrong during the second
measurement. We have not been able to figure out what happened, that made
it deviate from the two others in the extent that is does, but possible cause of
the deviation may be a contamination of the sample. Based on the observations
we decided that the behaviour shown is not that of 2E1H, and from here on,
we are neglecting the second measurement and basing our analysis on the two
others. The position of the peaks is actually consistent with the two others, so
it is only for low values of G′′, it behaves untraditionally.
Dielectric Results
Wang et al. [2005] performed dielectric measurements on solutions of 2E1H and
squalane mixed with the same ratios as the ones we used during our work. To
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Figure 5.4: Plot of G′, G′′ and the derivative of G′′, with scaling factor 1.001
in (a), (c) and (e) and scaling factor 1.0005 in (b), (d) and (f)
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Figure 5.5: Measurements of neat 2E1H. The black dots represent data from
Gainaru et al. [2013]. The figure shows the logarithm to the imaginary part of
the shear modulus differentiated with respect to the logarithm of the frequency,
over frequency scaled after the loss peak frequency. The red points are from
the second measurement we performed. It is clear, that this data set behaves
different from the other three.
make sure, that our results are consistent with the existing literature, we plotted
the loss tangent of our measurements and compared them to those presented by
Wang et al. [2005] in figure 5.6. We were not able to aquire the data, so instead
it was read off the figures presented in the article. This will of course result in
some degree of uncertainty, so we do not expect them to coincide completely.
It is seen, that our dielectric measurements, follow the same tendencies as
the measurements of Wang et al. [2005], except for the neat squalane. This
can be a consequence of squalane not possessing a dipole moment, so there
are greater uncertainties associated with this measurement. Considering the
uncertainty from reading off the data, we conclude, that the two data sets
coincides very well, so we will be able to use these dielectric measurements in
our analysis to compare with our mechanical results. We do however observe
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Figure 5.6: The figure shows the dielectric loss tangent over temperature at
ν = 1 kHz from both our own measurements (circles) and the results obtained
in Wang et al. [2005] (squares). x is molar fraction of squalane to 2E1H.
some distortion in our results, when increasing the concentration of squalane
above 0.353 molar fraction, where the curves become very unstable.
We observe the same tendency as noted by Jakobsen et al. [2008]; the Debye
and the α-relaxation peaks tend to move closer together, when the temperature
is lowered. We also observe a decrease in the amplitude of the Debye peak,
as the temperature is increased, which is consistent with earlier observations,
usually explained by the increased temperature causes the breaking of the
H-bonds as observed in Gainaru et al. [2011] among others.
Measurements at a temperature of 166 K has been made for 6 out of 7
different concentrations, and we observe a change in the strength of the Debye
peak which can be seen in figure 5.7. We were not able to detect a clear Debye
signal at concentrations above 0.5 mole fraction squalane.
As in Wang et al. [2005], we also observe a great decrease in the amplitude
of the Debye peak, when going from 0.353 to 0.5 molar fraction squalane in
2E1H. We will return to this phenomenon in the discussion. At 0.5 molar
fractions squalane, we observe a very great temperature dependence of the
Debye peak. At low temperatures, the strength of the Debye peak exceeds the
strength of the α-peak, and when increasing the temperature, the two becomes
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Figure 5.7: The strength of the dielectric Debye peak for different concentra-
tions of squalane in 2E1H. Above 0.5 mole fraction squalane (xi), we could no
longer observe Debye signal.
comparable at intermediate temperatures, until the strength of the α-peak
becomes dominant.
5-PPE Measurements
In order to test the experimental setup, we performed one mechanical measure-
ment of the glass former 5-PPE, which has been studied before, [Hecksher et al.,
2013], making it an obvious choice for testing our experimental capabilities with
the PSG transducer. For comparison, the derivative of the shear mechanical
data from Hecksher et al. [2013] is plotted in figure 5.8 together with our own
data.
From the data acquired from Hecksher et al. [2013] we are expecting to
observe a stable curve with a starting value of 1 when plotting the slope. Yet
what we see in figure 5.8, is that our own measurements become very unstable
for all temperatures, when we reach a slope of ∼1 around log10(ν/νLp) ≈ −1.5.
This corresponds to values of G′′ below 107 Pa, making it a problem for our
measurements of 2E1H, where we are hoping to observe a crossover at values
around log10(G
′′) ≈ 6 according to Gainaru et al. [2013]. This turns out
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Figure 5.8: The figure shows the pointwise derivative of log10(G
′′) over log10(ν)
for shear mechanical measurements of 5-PPE, normalized with the loss peak
frequency. Blue curves are data acquired from Hecksher et al. [2013] and red
curves represent our own measurements.
to be a very important observation, which we will return to in section 5.3.
Furthermore, the slope at values of log10(ν/νLp) > −1.5, does however seem to
reproduce the data from Hecksher et al. [2013] nicely.
Thermal Equilibrium of the Cryostat
Two measurements were conducted to test whether a 180 minutes of waiting
time was sufficient for transducer and sample liquid to reach thermal equilibrium
with the cryostat.
The first measurement was made on neat squalane in the temperature range
187− 166 K. Our setup would first make a regular measurement, starting at
T = 187 K and making temperature steps of −3 K with a 180 minutes waiting
time, once the desired temperature was met, before the measurement began.
Once the first 8 measurements were conducted, the program would make
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Figure 5.9: Histograms of the ratio between the individual datapoints for the
real (a) and imaginary (b) part of the shear modulus respectively for neat
squalane when going from 187 to 166 K and going back to 187 K again.
another 7 measurements following the same procedure, but with temperature
steps of +3 K and a starting temperature of 169 K.
If the chosen 180 minutes of waiting time between the measurements are
enough for the system to reach thermal equilibrium, this measurement should
reproduce the individual temperature scans to a significant degree. As a
measure of how well each measurement reproduce, the ratio of the individual
data points for each temperature scan have been calculated and plotted in a
histogram, see figure 5.9.
Even including singular ratios in the vicinity of 30, the mean of the ratios
for the imaginary part is 0.9884 and the mean of the ratios for the real part
is 1.0299, indicating that the temperature scans reproduce to a satisfactory
degree.
Another test was made to ensure that we waited long enough between each
measurement. By increasing the waiting time between each measurement from
3 to 5 hours, it is seen, that the two measurements coincide very well. In figure
5.10 the ratio between each data point is presented in a histogram. The mean
of the ratios for the imaginary part is 0.9931 and the mean of the ratios for the
real part is 1.0614. We have excluded the first 25 datapoints for the comparison
of the real parts of the shear modulus of the 3 hour and 5 hour measurements,
due to the great impact the somewhat arbitrary choice of scaling factor has on
the algorithm for calculating the real part of the shear modulus in this region
as discussed above.
From these results we conclude that a 180 minutes of waiting time between
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Figure 5.10: Histograms of the ratio between the individual datapoints for the
real (a) and imaginary (b) parts of the shear modulus respectively for neat
squalane, when waiting 3 and 5 hours between each measurement respectively.
each measurement is sufficient to ensure that thermal equilibrium of the system
has been reached.
Compilation of Test Results
Based on earlier measurements made for both squalane and 2E1H, we calculated
the approximate value of the filling degree, xl, from an estimate of the thermal
expansion coefficient of α = 7.5 · 10−4K−1
When examining the scale factor, we have observed, that it does not matter
whether we let the main curve or the extra appearing kink approach (0, 0)
in a Nyquist plot. It only has a slight effect on the real part of the shear
modulus, but as long as the behaviour, we are searching for, is appearing in the
imaginary part, it is not a problem for our analysis. This means that we will
be scaling after the kink, because it is easier to see when exactly it approaches
zero.
We have decided to neglect our second measurement of neat 2E1H, because it
was inconsistent with our two other measurements as well as results obtained
by others in the literature. Because the third measurement was consistent with
the first one, we decided that a contamination was the cause of the deviation
of the second measurement, and that our experimental procedure was not at
fault. In short, this means, that we are able to continue with our experiments.
Our dielectric results were consistent with those obtained by Wang et al. [2005],
so they are a valid tool for comparison between mechanical and dielectric
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properties.
The mechanical measurements of 5-PPE showed a possible problematic feature
regarding the measurements of G′′. It seems, that the data becomes very
unstable, when we measure G′′ at values below 107 Pa. This will possibly have
a great impact on the analysis of our main data, so we have to be very critical
when examining phenomena occurring below that limit.
We were able to conclude that a waiting time of three hours per temperature
step was sufficient for the sample to reach a thermal equilibrium.
This concludes our test results, and we will now turn to a representation of
the results of our main experiments.
58
5.3 The Mechanical Counterpart to the Dielectric
Debye-peak
In this part of the analysis, we will present the data obtained for a few chosen
samples in order to explain why we do not believe that our observations are,
in fact, a mechanical counterpart to the dielectric Debye-peak. The first part
will be a description and analysis of our data from the measurements of neat
2E1H and with a low (0.353) molar fractions of squalane, because these two
solutions show the clearest resemblance of a crossover. This part will consist
of a data representation where our data is compared to existing measurements
of 2E1H as well as comparison of both solutions with our own dielectric data.
Analysis of Neat 2E1H and Low Mole Fractions of Squalane
For solutions with relatively high concentrations of 2E1H, a clear change in
the slope of the curve is observed, when plotting log10(G
′′
) over log10(ν). It
is shown in the mechanical curves in figures 5.11 and 5.12 for neat 2E1H
and 0.353 molar fraction of squalane in 2E1H respectively that when moving
downwards in frequency a plateau with a lower slope is reached, before the
slope of the curves increases again. In figure 5.13 we have plotted the slopes
for both measurements over frequency. One could suspect, that what we are
observing is in fact a clear mechanical signal, but there is also the possibility
that the change in the slope corresponds to a dielectric signal caused by some of
the liquid getting stuck inside the transducer, as seen before in Jakobsen et al.
[2008] with the same equipment before a lacquering of the transducer discs
were done. Therefore, we will here inspect the signal, and try to determine a
possible cause.
It is remarkable, that the change in the slopes in the mechanical measurements
only appears for solutions of low concentrations of squalane, which could
indicate, that the presence of squalane is somehow hindering the polymer-like
behaviour caused by H-bonding, maybe because the already relatively weak
signal is being overshadowed by the presence of the large and heavy squalane
molecules. In figure 5.12 we have shown our data for a solution with 0.353
mole fraction squalane in 2E1H, and it is obvious, that the squalane here is
causing the change in the slopes to almost completely vanish. We suspected
the mechanical signal, if any were to be found, would disappear with increasing
concentration of squalane in our solutions. That is what we are observing,
albeit in much lower concentrations of squalane than expected, and not after
the 0.5 mole fraction solution, were we expected the clearest signal, due to the
low distance between the Debye and α-peaks in dielectric measurements seen
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in Wang et al. [2005].
Another possible cause of the observed behaviour is the relatively strong dipole
moment of 2E1H, which could also be hindered by the presence of squalane,
which could result in a relatively low dipole moment. This effect is seen in
Jakobsen et al. [2008], where it was caused by some of the liquid getting
stuck in the ceramics of the transducer causing a change in the measured
capacitance, further causing a change in the calculation of the shear modulus.
This is consistent with the fact, that it is only seen in solutions with low
concentrations of squalane. A strong dielectric signal would occur around
the greatest contribution to the dielectric loss, which for solutions with low
concentrations of squalane is at the Debye-peak frequency, νD. Therefore, we
have performed dielectric measurements on some of the solutions with the
same temperatures as in the mechanical experiments. The results are seen in
figure 5.11 and 5.12. For both neat 2E1H and (especially) 0.353 mole fraction
squalane, the changes in the slopes actually appear very close to the Debye
loss peak frequency. The effects are though still more seperated for neat 2E1H,
so we cannot conclude, that the mechanical ”signal” here really is of dielectric
origin.
If the signal is, in fact, a result of polymer-like behaviour, it is worth comparing
the results to those obtained by Gainaru et al. [2013], where the signal is first
observed for 2E1H. We expect to see the change in the slope appear at the
same normalized frequency. In figure 5.14 we have plotted the data obtained
from Gainaru et al. [2013] with our own data, both data sets scaled after
the loss peak, and it does not look like the slope change occurs at the same
frequency. This observation combined with the general uncertainties in both
frequencies and values of the imaginary part of the shear modulus this low
indicates, that the signal is not the mechanical counterpart to the dielectric
Debye peak, as we hoped to observe.
We will now continue and describe our observations in measurements of the
other solutions.
Observations of Crossovers for the Other Mixtures
We were not able to observe any convincing signs of crossovers for neat 2E1H
and 0.353 mole fraction squalane in 2E1H, so this section will only be a short
general overview of our results for the rest of the solutions. For a more thorough
description of each solution, see appendix B.
We wanted to measure each solution twice to ensure reproducibility, but when
we realized, that our observations regarding crossovers were inconclusive, we
decided to not do further reproducibility measurements to instead ensure more
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Figure 5.11: This figure shows both the dielectric and the mechanical measure-
ments plotted over frequency for pure 2E1H. It is seen, that the changes in
the slopes appear quite close to the dielectric loss peak frequency.
dielectric measurements. This means, that the samples of 0.2 and 0.8 mole
fraction squalane in 2E1H has each only been measured once. To make a
quick check of the reproducibility within each mixture of 2E1H and squalane,
Arrhenius plots for each solution are presented in figure 5.16, where it is seen
that the curves reproduce nicely.
In general we only observed something resembling crossovers at low fre-
quencies, and around the domain where the complex shear modulus are at
values below log10(G
′′) = 6, where our measurements become very unstable.
When investigating 5-PPE, we saw, that the measurements were imprecise
already at log10(G
′′) = 7. However, the occurrence of these crossovers do
seem to appear very consistently at low temperatures, and the same places for
repeated measurements of the same solutions. Therefore, we cannot exclude
the possibility of an observation of a crossover, even though it is in the domain,
where our measurements are imprecise. If it is a crossover, then it is also
surprising, that it happens all the way through the concentration spectrum,
even for the neat squalane, where it is not expected, because as far as we know,
the crossover should only appear for monohydroxy alcohols and polymers, and
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Figure 5.12: This figure shows both the dielectric and the mechanical measure-
ments plottet over frequency for solutions of 0.353 mole fraction squalane in
2E1H. Here, we see a clear change in the mechanical loss, at the dielectric loss
peak frequencies.
squalane is neither. Further measurements with measuring equipment with a
higher resolution are needed, before anything can be concluded.
More remarkable is a seemingly very high temperature dependence of squalane,
which we discovered while searching for possible crossovers. To our knowledge,
this observation of the temperature dependence of shear mechanical relaxation
of squalane has not been demonstrated before, though, the temperature depen-
dence of the decoupling index between dielectric and shear mechanical α-peaks
has been reported by Jakobsen et al. [2005], so it is by far the most interesting
observation made in this part of our analysis. In figure 5.15, we have plotted
the slopes for one measurement of squalane, were it is obvious, that the slopes
differ with each temperature, so TTS is not valid for neat squalane. We will
return to the temperature dependence of squalane later in the analysis.
This concludes the search for possible crossovers, and we will now turn our
attention to other interesting observations.
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Figure 5.13: The figure shows the slope of a measurement of both neat 2E1H
and 0.353 mole fraction squalane in 2E1H as d log10(G′′)/d log10(ν) over log10(ν/νLp).
5.4 Broadness of the mechanical α-peak
The half-width of the mechanical α peaks was calculated to give an estimate
of how the α peak evolves when increasing the concentration of squalane in
our solutions. The half-width is illustrated in figure 5.17 as the dashed line
at log10(G
′′) = log10(1/2G′′Lp). We expected to observe a broad peak for neat
2E1H and then gradually see it decrease, when more squalane was added to
the solution. The broadness of the peak is described by a single number, the
half-width of the α-peak, calculated as log10(νLp) − log10(νG′′=1/2G′′Lp). The
values of the half-width were found to be in the vicinity of 1 decade, and are
plotted in figure 5.18. As squalane is added to the solutions, we did not observe
the half-width decrease as expected. Instead we saw that the the half-width
was increasing, indicating a broadening of the α-peak when squalene was added.
Somewhere between xi = 0.353 and xi = 0.498 mole fraction squalane, the
intensity of the half-width started to decrease again and reached a terminal
value at xi = 1. This terminal value seems to be somewhat temperature
dependent, and to a much larger degree than at xi = 0 (neat 2E1H). This
behaviour is somewhat surprising for mainly two reasons. Firstly, we did not
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Figure 5.14: The normalized results of our own measurements of 2E1H with
those obtained in Gainaru et al. [2013].
expect squalane to have the same broadening of the α-peak as 2E1H, but
it seems, that both liquids show the same behaviour. Secondly, we observe
an increase in the half-width in the intermediate concentration domain that
is somewhat surprising. Wang and Richert [2005] investigated the α- and
Debye relaxation times, in mixtures, and concluded, that τD followed an ideal
mixing law, whereas τα did not. Here they observed the same phenomenon,
a broadening of the α-peak, only for dielectric measurements, when mixing
two mono-alcohols, 2E1H and 2M1B (2-methyl-1-buthanol), but did not give
a suggestion to the possible cause. The broadening of the α-peak may indeed
be a result of the mixing of two liquids with different α-relaxation times, but
there is also a chance, that it is an effect of mixing two ”polymer-like” liquids.
We will return to the assumption of squalane having polymer-like behaviour in
chapter 6. To further illustrate the difference of the shape of the α-relaxation
curve, we have plotted the second derivatives for neat squalane, neat 2E1H
and 0.353 mole fraction squalane in 2E1H as d
2 log10(G
′′)
d log10(ν)
2 over log10(
ν
νLp
) in
figure 5.19. It is clear, that the intermediate solution (illustrated in red) differs
from the other two extremes at the maximum. We have not included the
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Figure 5.15: The slopes of log10(G
′′) plotted over log10(ν/νLp) for neat squalane.
A clear temperature dependence can be observed.
other intermediate solutions, but the tendency is that they have a maximum
plateau between that for the 0.353 molar fraction squalane solution and the
neat solutions.
Again here, an obvious temperature dependence of the measurements of
squalane is measured. This time, it is seen as a broadening of the α-peak,
when increasing the temperature of the sample, expressed here as a decrease in
the maximum numerically second derivative. It is also seen, that higher tem-
perature results in a shift to the left of the maximum slope on the log10(ν/νLp)
axis.
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Figure 5.16: Arrhenius plots of the different solutions of 2E1H and squalane.
All measurements that have something resembling crossovers are marked with
.
5.5 Investigation of the Dynamic Shear Viscosity
One of the three main observations of Gainaru et al. [2013] was that the ratio
between η′ for ω ⇒ 0 and η0 = τMG∞ for monohydroxy alcohols does not
equal one, which possibly is a characteristic of short-chain polymers. This
section deals with this observation, by showing the difference between the two
quantities in our own measurements.
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Figure 5.17: An illustation of our calculation of the half-width. It is the length
of the dashed line that appears at log10(G
′′) = log10(1/2G′′Lp).
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Figure 5.18: Curves of the α half-width as a function of squalane concentration
at varying temperatures for one of each measurement. The squares indicate
the mean value over all measurements including reproducibility measurements.
Calculating the Viscosity Relation limν→0 η′/η0
The plots, we will use to show the relationship between η0 and the low frequency
η′, will need some explaining first. From the definition of the dynamic shear
modulus and viscosity, we have the following expression from linear response
theory
G(ω) = iωη(ω) (5.1)
Which gives us
G′(ω) + iG′′(ω) = iω(η′(ω) + iη′′(ω))
= −ωη′′(ω) + iωη′(ω) (5.2)
leading to the following relation
η′ =
G′′(ω)
ω
=
G′′(ω)
2piν
(5.3)
From here, we plot the measured relationship between the viscosity for ν ⇒ 0
calculated from measurements of G′′, and the Maxwell viscosity given by
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Figure 5.19: Minus the second derivative of neat 2E1H, neat squalane and 0.353
mole fraction squalane in 2E1H illustrated in blue, green and red respectively
plotted over the loss peak scaled frequency. It is clear, that the intermediate
mixture, has a lower maximum second derivative, which corresponds to a
broadening of the α-relaxation curve.
η0 = τMG∞. We now assume that τM = τLp, so we can rewrite the expression
to
η0 = τLpG∞ =
G∞
2piνLp
(5.4)
giving us
η′
η0
=
G′′νLp
νG∞
(5.5)
So when plotting
G′′νLp
νG∞ against
ν/νLp, we expect the result to approach 1
in the low frequency limit. However, if that is not the case, we can interpret it
as τM 6≈ τLp. In the following we determine G∞ as the value of the real part
of the shear modulus, when the real part plotted over frequency has the lowest
slope. That is, the most stable value measured at high frequencies.
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Analysis of the Low Frequency Viscosity
In figure 5.20, we have plotted the relation η′/η0 for ν → 0 for 4 solutions, that
is 2E1H, squalane, 5-PPE and 0.5 mole fraction squalane in 2E1H. We have
chosen 5-PPE which is expected to give us η′/η0 = 1 at low frequencies, and it
is seen, that the curve approaches zero on a log-log scale as ν → 0, as expected.
In short, this plot indicates, that the technique, we are using, is valid for our
measurements. For neat 2E1H we see that limν→0 η′/η0 6= 1, exactly as Gainaru
et al. [2013] showed was the case for some monohydroxy alcohols, including
2E1H, 4M3H (4-methyl-3-heptanol) and 5M3H (5-methyl-3-heptanol). When
diluting the 2E1H with squalane, we see a gradual change in the slope, in the
low frequency area as more squalane is added to the solution. At intermediate
points, here for the xi = 0.353 solution, it is clear, that the curves differ for
different temperature measurements, so it is hard to tell, whether or not they
are approaching a stable relation between τM and τLp. We see indications that
there must be a strong temperature dependence for the relaxation processes in
squalane, as the distinction between the various curves becomes more obvious,
as more squalane is added to the solution. In the measurement of neat squalane,
it is seen, that squalane does not behave as a traditional liquid, as we expected
it to. The temperature dependence of the curves is very obvious, and even
though this makes it harder to determine whether or not, the curve ends in 1
for ν → 0, when comparing to the plot for 5-PPE, where a very stable plateau
is reached, it becomes very clear, that η0 6≈ limν→0 η′ for neat squalane. A
zoom on the place, where the stable plateau was expected to be reached is
shown in figure 5.21, where it is seen, that the difference between η0 and
limν→0 η′ tends to increase, with an increase in temperature.
This feature indicates, that squalane may possess some similarities with monohy-
droxy alcohols, when looking at the characteristic times for these two otherwise
very different types of liquids. If this is only a quality of short-chain polymers,
then this could indicate, that one may be able to describe certain aspects of
squalane with polymeric behaviour.
5.6 Analysis of Data from Glass & Time Data
Repository
Because the three main observations in Gainaru et al. [2013] has not been
well studied in the literature, we have used the same method of analysis on
10 existing data sets to look for tendencies. It will be a short and qualitative
analysis aimed at finding other liquids that behave like 2E1H and squalane.
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Figure 5.20: Plots of log10(η
′/η0) over ν for 5-PPE (blue), 2E1H (red), squalane
(cyan) and 0.5 mole fraction squalane in 2E1H (green).
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Figure 5.21: Zoom-in on the plots of log10(η
′/η0) over ν for neat Squalane. It
is very clear, that there is a big temperature dependence of the curves.
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The studied liquids are the following;
Tetramethyl-tetraphenyl-trisiloxane (DC704) and 5-polyphenyl-4-ether (5-PPE)
from Hecksher et al. [2013].
Triphenylethylene (TPE), DC704, perhydrosqualene (squalane), polybutadiene
(PB20), decahydroisoquinoline (DHIQ), and tripropylene glycol (TPG) from
Jakobsen et al. [2005].
2-butanol and 2E1H from Jakobsen et al. [2008].
Because we are mostly interested at low frequencies, we have neglected the
measurements of PPE in Jakobsen et al. [2005], because the data is too unstable
in this domain.
Crossovers
When examining the slope of the relaxation curves on a d log10(G′′)/d log10(ν) over
log10(ν/νLp) plot, we do not observe anything resembling a crossover for any
of the liquids, even for the mono-alcohols or the polymers. This is probably
because most of the measurements are taken at relatively high frequencies,
where only the DC704 from Hecksher et al. [2013], PB20 and DHIQ are
measured below log10(ν/νLp) ≈ −2.5. To be able to conclude anything from
these measurements, data from a wider frequency range is needed. We do
however observe different degrees of temperature dependences for the relaxation
curves for the different liquids. Squalane, 2-buthanol, DHIQ and PB20 all
have relatively strong temperature dependences. TPE also exhibits some
temperature dependence at low frequencies, but it is hard to tell if it is noice.
Common for all temperature dependent liquids is that the measurements
with the lowest temperatures has in general a higher slope than at higher
temperatures, and therefore also reaches a stable plateau at higher frequencies.
The low frequency slope does not always become 1. For DC704, TPG, and
5-PPE, the slopes become 1, but for squalane, PB20, 2E1H and TPE, it ends
up around 0.8. TPE is a bit distorted though, and it is unclear, if it really
reaches a stable plateau. For DHIQ and 2-buthanol the slopes never reach a
stable plateau.
Width of the α-peak
When examining the second derivative in a d2 log10(G′′)/d(log10(ν))2 over ν/νLp,
we observe great deviations in the maximum slope between the different
measurements. For TPE, 5-PPE and DC704, the slopes become very close or
equal to 1, which means, that the α-peak is very sharp. For 2-butanol, DHIQ
and PB20, the slope have maxima around 0.5, meaning very broad α-peaks
72
−3 −2 −1 0 1 2
−0.5
0
0.5
1
log10
(
ν
νLp
)
−
d
2
lo
g
1
0
(G
′′
)
d
lo
g
1
0
(ν
)2
 
 
2E1H
Squalane
PB20
2−Butanol
Figure 5.22: The second derivative of logG′′ over log10(ν/νLp) for 2E1H (blue),
squalane (red), 2-butanol (magenta), and PB20 (green).
and for TPG, Squalane and 2E1H, we observe values in between. Again here,
we observe strong temperature dependence for 2-butanol, squalane, DHIQ
and PB20, often resulting in the curve being shifted a bit to the left on the
log10(ν/νLp) axis, and a slightly lower maximum value at higher temperatures.
We have plotted data for 2E1H, squalane, 2-butanol, and PB20 in figure 5.22.
The Viscosity Relation
When plotting the limit limν→0 log10(η
′/η0) for the liquids, we see again a
temperature dependence for PB20, DHIQ, squalane, and 2-butanol, where
larger temperatures result in larger values for η′/η0. TPG, DC704, 5-PPE,
and TPE, seem to reach a plateau at limν→0 log10(η
′/η0) = 0, where the small
73
−5 −4 −3 −2 −1 0 1 2
−2
−1.5
−1
−0.5
0
0.5
1
1.5
log10
(
ν
νLp
)
lo
g 1
0
( G′′ ν
L
p
G
∞
ν
)
 
 
Squalane
2E1H
PB20
2−Butanol
Figure 5.23: limν→0 log10(η
′/η0) for 2E1H (red), squalane (blue), 2-butanol
(magenta), and PB20 (green).
deviations are probably a result of our estimation of G∞. DHIQ, squalane,
2-butanol, PB20 and 2E1H never reach a stable plateau, but it seems that at
lower frequencies all the slopes would exceed η′/η0 = 1. We have plotted data
for 2E1H, squalane, 2-butanol, and PB20 in figure 5.23.
Recapitulation
From these observations, it is seen that only DC704 and 5-PPE behave like
”traditional” liquids, with a sharp α-peak, a low frequency viscosity that equals
η0, and a low frequency relaxation curve that have a slope of 1. For TPE
the low frequency domain is too distorted to determine if it really deviates
from 1 and TPG only differs by having a very broad α peak. The liquid that
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deviates the most in all three categories is DHIQ, which actually is a relatively
small molecule compared to the others. This may be explained by the NH
group of the molecule, which could make H-bonding between several molecules,
resulting in short-chain polymer like behaviour for this liquid as well. There
can also be other explanations of this behaviour, and we will not go in to
further details on this subject.
It is seen that squalane and 2E1H from these data sets behave very much
alike in all three categories. The only place they really differ is in the temper-
ature dependence of squalane. 2-butanol and PB20 have a slightly broader
α-peak, but otherwise behave very much like 2E1H and squalane. Both of
them are also more or less temperature dependent. These 4 liquids also have a
few other things in common that we will return to in chapter 6.
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Chapter 6
Discussion
The following chapter will contain a discussion of the results of our experiments
with respect to both our hypothesis and to the other results obtained. Even
though we were not able to demonstrate the suggested hypothesis, we still have
a lot of interesting results. We will begin by commenting on our observations of
possible crossovers in all the solutions, followed by a description of the options
of modelling the phenomenon with the sum of an extended Maxwell model
and the Rouse model. Then we will be discussing our analysis with respect
to the half-width of the α-peak and the quantity limν→0 η′/η0 followed by a
discussion about future work. We will be discussing the properties of squalane
throughout the entire chapter.
6.1 Crossovers
We were not able to demonstrate the validity of the hypothesis. This makes us
unable to conclude anything about the hypothesis itself, however it enables us
to comment on the changes made to the experimental equipment, we used in
this work. It is clear, that even though the PSG was lacquered and we knew
in which frequency domain to look for the mechanical crossover, we were still
not able to say anything conclusive for measurements of mixtures of 2E1H
and squalane. There are probably two main reasons why we were not able to
detect the signal. Firstly, we determined from the measurements of 5-PPE,
that the experimental equipment was not stable enough at the values of G′′,
where we would expect to observe the crossover from the results of Gainaru
et al. [2013]. We did however observe more or less unstable slope changes
around this domain, but they differed too much from the results of Gainaru
et al. [2013] for us to really find the changes convincing. These slope changes
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bring us to the second problem. Jakobsen et al. [2008] had problems with
dielectric signals distorting the measured capacitance and thereby resulting
in something resembling mechanical crossovers, when calculating the shear
modulus. The lacquering of the transducer discs were meant to prevent this
dielectric signal caused by some of the liquid getting stuck in holes and crevices
in the transducer, but we do still observe mechanical distorted signals for
the neat and slightly diluted 2E1H at ν ≈ νD. It would make sense, if it
actually was a result of dielectric origin, because we only see it for relatively
low concentrations of squalane, which have no dipole moment, whereas the
dipole moment of neat 2E1H is relatively strong. We are however not able
to decide, whether this is a coincidence caused by systemetic errors of the
measuring equipment, or if there still actually is liquid getting stuck in the
transducer, but either way, we are prevented from observing the mechanical
counterpart to the dielectric Debye peak in neat 2E1H.
It is interesting that we are still observing something resembling crossovers
for samples diluted by squalane, even though it appears in regimes below
measuring capabilities. First of all, we expected squalane to reach a slope of
1 at low frequencies like many traditional liquids do, but it appears to reach
a stable value when the slope reaches 0.8, and then in some cases a slope
change to 1 appears at lower frequencies. This could of course be contributed
to the two above mentioned uncertainties, but it is striking that we are able to
reproduce it for most of the samples, and that it consequently happens at the
lowest measured temperatures, where we still had data for log10(ν/νLp) ≈ −2.5.
Moreover, if it is indeed a crossover, we are observing, then it is interesting
that it is appearing throughout all the investigated concentrations. For low
concentrations of squalene, the missing crossover at higher temperatures could
probably be caused by the breaking of the H-bonds keeping the 2E1H molecules
together, but for higher concentrations of squalane, this can not be the case, as
there are no hydroxyl groups in neat squalane. One could argue, that if we are
able to describe small clusters of 2E1H with no more than 20 molecules per
group as short-chain polymers, then maybe it is also possible to think the same
way about squalane, which has 24 carbon atoms in its main chain. This however
does not explain the low temperature occurrence of the phenomenon. We do
experience a strong temperature dependence of the shape of the relaxation
curves of squalane, so we cannot exclude, that the slope change is a phenomenon
that happens at lower frequencies than we are able to measure for neat squalane.
Further experiments at a wider frequency and shear modulus range is needed
before anything can be concluded here.
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6.2 Modelling
From the modelling work in section 3.2, basically done by adding the Rouse
model and the extended Maxwell model, we see, that this may be a good
description of the ”polymeric” behaviour of monohydroxy alcohols. The fit
deviates to some degree at low frequencies to the measured data, but is
otherwise a good fit to the measured behaviour of G′′ from Gainaru et al.
[2013]. For the reasons mentioned previously, it did not make sence to use
the model on our own data. It seems that this approach could be a powerful
tool in future work, when modelling the mechanical behaviour of monohydroxy
alcohols. It is still worth noting, that there are not any physical arguments
for the validity of adding the two models other than the result fits the data,
so when doing this model approached handling of the results, more physically
based arguments of the addition of the two models still need to be proposed.
6.3 Half-width of the α-peak
When investigating the broadness of the α-peak, we stumbled upon some
interesting properties for many of the mixtures we worked with. In Jakobsen
et al. [2013], it was argued that the wide α-peaks were related to the polymeric
behaviour of the investigated monohydroxy alcohols, which is definitely the
case, when comparing to other non monohydroxy alcohols. It seems though
that the same thing is observed for neat squalane, which also shows an α-peak
that is actually broader than the one observed for neat 2E1H. This observation
supports the above mentioned possibility that squalane shows polymer-like
behaviour. The strong temperature dependence of the relaxation process is
also obvious when examining the broadness of the α-peak of squalane. It
is seen that higher temperatures result in a broader α-peak, which is not
consistent with the polymer like crossovers observed at lowest temperatures,
if we are to believe that the broadness of the relaxation peak is a sign of
polymeric behaviour. However, we can still not exclude the possibility that the
crossover appears at lower frequencies, than we are able to measure. Without
further data, we can not determine whether this observation is an indication
of squalane behaving as a polymer, or if the broadness of the α-relaxation is a
property of other types of liquids.
Another interesting property of the mixtures was found in the intermediate
concentration region, mostly pronounced for 0.353 mole fraction squalane in
2E1H. When mixing the two liquids, we observe a decrease in the second
derivative of the relaxation curve, which is indicating an even broader α-peak
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for the intermediate solutions than for both neat 2E1H and squalene. Wang and
Richert [2005] observed the same phenomena when doing dielectric spectroscopy
on mixtures of two mono-alcohols, but we have not found descriptions of
investigations of mixing of a non-polymer with a liquid that shows polymer like
behaviour for mechanical measurements of mixtures. If squalane has polymeric
properties, and the broadening also applies for the mechanical α-peak, then
our observations are consistent with the observations made by others. The
troubling question is then, why it happens at lower molar fractions of squalane
than 0.5. One could imagine, that the H-bonding between the 2E1H molecules
are hindered by the presence of squalane, making the 2E1H contribute in
a lesser degree to the polymer like behaviour than the way larger squalane
molecules. In that case, the squalane is preventing the H-bonding to some
degree for solutions of molar fractions of squalane in 2E1H larger than 0.353.
This could also explain the greater decrease in the Debye relaxation strength
when going from 0.353 to 0.5 molar fraction squalane in 2E1H compared to
the loss, when going from for example 0 to 0.2.
6.4 Low Frequency Viscosity vs Maxwell Viscosity
When plotting limν→0 η′/η0 we observe, that the relationship differs from 1 for
all the measured mixtures except for 5-PPE, which incidentally is our reference
liquid. This property of mono-alcohols was described in Gainaru et al. [2013]
and interpreted as a difference of the Maxwell relaxation time, τM , and the loss
peak relaxation time, τLp. We observe, that limν→0 η′/η0 6= 1 for all measured
solutions, and again here, we do not observe traditional behaviour for squalane.
Like for neat 2E1H and intermediate solutions, the relation differs from 1 for
neat squalane. When a mole fraction of 0.5 is reached when increasing the
concentration of squalane, a greater temperature dependence is also observed
here for larger concentrations of squalane. When investigating the behaviour
of neat squalane, we observe, that the curve actually approaches 1, when the
temperature of squalane is decreased, where it behaves more like neat 2E1H, at
higher temperatures. Like with the width of the α-peak, we here observe the
untraditional behaviour at the higher temperatures, where we, when discussing
the tendency to show crossover-resembling slope changes, saw the untraditional
behaviour at the lowest temperatures.
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6.5 Data From Glass & Time
When analyzing data from the Glass & Time data repository, we found other
liquids which behaved very much like 2E1H and squalane. 2-butanol and
PB20 both had a broader α-peak, but otherwise showed very similar behaviour
in both the slope of the relaxation curves and the low frequency viscosities.
2-butanol may be behaving like 2E1H and squalane because of it being a
mono-alcohol. If we are to assign the broadness of the α-peak to short-chain
polymers (or monohydroxy alcohols), the reason for 2-butanol having a broader
peak, is probably that the H-bonding is more likely to occur, where it may be
hindered by the ethyl group of 2E1H. The fact that 2-butanol is a secondary
alcohol obviously does not influence its ability to form H-bonds. PB20 is a
polymer consisting of polymerization of the monomer 1,3 butadiene, which is
small chains of 4 carbon atoms with two double bondings. That gives us a
total of 80 carbon atoms in PB20, making it approximately 3 times as long as
the squalane molecule and 2.5 times as heavy. Going into the details of the
structure and properties of PB20 is beyond the aim of this project, however,
one can see a few similarities and differences between PB20 and squalane. Both
of them basically consist of long carbon chains connected to hydrogen. PB20
has one double bond per monomer, where squalane has none, and squalane
has a total of 6 methyl side groups. One can suspect, that the similarities of
the molecules outweigh the differences between the two, and the fact that they
behave so much alike is due to both of them acting as short-chain polymers
consisting of a long carbon chain. Ferry [1980] defines short-chain polymers as
being polymers below a weight of 20.000 Da, and both compounds fall within
this group.
6.6 Suggestions for Further Research
We did not succeed in describing the diluent effects on the shear mechanical
counterpart to the dielectric Debye peak, but there are things to learn from the
work, we have done. The main problem of our experiments was, as mentioned
before, the lack of precision in measurements of relatively low values of G′′,
which means, that for future work in this field of research, equipment with
a better resolution is needed, for precise measurements of the crossovers. It
would be possible to do the same investigations with the equipment used by
Gainaru et al. [2013], that allows for this better resolution. Another problem we
encountered, was the surprisingly untraditional behaviour of squalane, making
it a poor choice of reference. If mechanical measurements on mixing of liquid
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are meant to focus on the polymer-like behaviour of mono-alcohols, then a
lot more traditionally behaving liquid than squalane has to be chosen as a
reference. One seemingly also has to take the size of the chosen molecule
into account. Some of our analysis points to squalane also showing polymer
like behaviour, which may be caused by the relatively long carbon chain, so
if further research on the diluent effects is to be made, one should probably
choose a liquid consisting of molecules with a size comparable to that of 2E1H.
Another result of the work we have done, is the interesting behaviour of
squalane. It looks as though it possesses properties that are very similar to
that of 2E1H and probably other monohydroxy alcohols as well. It would be
interesting to use more precise experimental equipment to investigate whether
there actually are crossovers to be found at lower values of G′′. Also, it could be
quite interesting to use mixtures of squalane and a more traditionally behaving
glass former, so one could be able to figure out to which degree the two liquids,
2E1H and squalane, are responsible for the behaviour observed at intermediate
concentrations. It might as well be the mixture of the two that causes the
observed behaviour, so this could be examined by investigating mixtures of
all combinations of two out of three liquids, where the third one would be a
traditionally behaving glass former.
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Chapter 7
Summary and Conclusion
By performing dielectric and mechanical measurements of solutions with
different concentrations of squalane and 2E1H, we can conclude, that we
were not able to observe the mechanical counterpart to the dielectric Debye-
like relaxation peak seen in Gainaru et al. [2013] for monohydroxy alcohols,
probably because experimental equipment with a better resolution in both
shear modulus and frequency is needed.
By adding the extended Maxwell model to the Rouse model and fitting it
to the data from Gainaru et al. [2013], we see that it is possible to make an
approximation to the relaxation curve of 2E1H and possibly other monohydroxy
alcohols as well in this way.
By examining our own data of 2E1H and comparing these to existing data
of 2-butanol among others from the Glass & Time data repository, we observed
indications that a wide α-peak and an extra viscosity contribution at low
frequencies possibly are properties of monohydroxy alcohols. If monohydroxy
alcohols can be described as short-chain polymers as suggested in the literature,
these could indeed also be properties of polymers of low molecular weight.
By performing the same analysis on 2E1H1−xsqualanex solutions, where
the mole fraction x ranged from 0-1, we also observed very similar properties
for the non alcohol squalane, indicating that squalane may also be described
as a short-chain polymer. Comparison of these properties to that of PB20, a
polymer of very similar structure to that of squalane, supported this idea. We
also observed a very strong temperature dependence of squalane, where higher
temperatures resulted in higher viscosity contribution and a wider α-peak.
For the mixtures of 2E1H and squalane, we observed the widest α-peak at
0.353 mole fraction squalane in 2E1H, indicating that the presence of squalane
were hindering the forming of H-bonds already at relatively low concentrations.
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Appendix A
Modelling of Viscoelastic
Materials
Here, We will bring a short description of the Maxwell model and the Kelvin-
Voigt model.
The Maxwell Model
One of the models most often used to explain simple viscoelastic behaviour,
is the Maxwell-model. It is derived from the assumption, that viscoelastic
behaviour can be modelled by adding the shear rates of pure elastic and pure
viscous behaviour.
Elasticity
The shear modulus, G, is a measure of the deformation of a given elastic material
when subjected to a external shear stress, σ, and the resulting deformation
or strain, γ, keeps the volume constant. In the two-dimensional linear case,
where the applied stress results in a very small strain, G relates the materials
deformation due to a shear stress, σ, via the equation
σ = Gγ ⇒ σ˙ = Gγ˙ (A.1)
where γ is the shear strain of the material. When introducing the sinosoidal
stress and strain, as the real part of complex quantities, we define the complex
shear modulus as
G∗ = G′ +G′′ =
σ∗
γ∗
=
σ0e
i(ωt+φ)
γ0ei(ωt)
(A.2)
where ∗ denotes that the number is complex, and φ is a phase shift.
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Viscosity
In the case of a shear deformation of a viscous material, the shear strain is
proportional to the rate of the strain
σ = ηγ˙ (A.3)
where η is the viscosity of the given material. For the sinosoidal stress, we get
σ∗ = η∗
dγ∗
dt
= η∗
d
dt
γ0e
iωt = iη∗ωγ∗ (A.4)
This further enables us to write the complex shear modulus of a viscous
substance as
G∗ =
σ∗
γ∗
= iωη∗ (A.5)
Viscoelasticity
In the case of a material which displays both viscous and elastic properties
one can combine the equations from both the above mentioned cases via the
Maxwell model. The idea is that the strain rates of both extremes, pure elastic
and viscous behaviour are additive, so the the system can be described via a
parallel connection in an electrical network model as the one shown in figure
A.1. Here the resistance, R, and the capacitance, C, translates into a viscosity,
η0, and the inverse shear modulus, 1/G∞, respectively, where η0 is the low
frequency limit viscosity, and G∞ is the high frequency limit shear modulus.
The two components are in parallel circuit because they are influenced by the
same stress, which are resulting in different strains.
This gives us an admittance
Y ∗ =
iω
G∞
+
1
η0
(A.6)
and a compliance
J∗ =
1
G∞
+
1
η0iω
=
iωη0 +G∞
G∞iωη0
(A.7)
The complex compliance equals the inverse complex shear modulus, so we get
G∗ =
1
J∗
=
G∞iωη0(G∞ − iωη0)
ω2η20 +G
2∞
= G∞
ω2τ2M + iωτM
ω2τ2M + 1
(A.8)
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Figure A.1: The electrical network analogous to the Maxwell model. It shows
a parallel circuit between a resistor (corresponding to a viscosity, η0) and a
capacitance (corresponding to the inverse shear modulus, 1/G∞)
where τM denotes the Maxwell relaxation time, τM = η0/G∞.
Viscoelastic substances show pure elastic behaviour in the high frequency
limit, while showing pure viscous behaviour in the low frequency limit, that
is G∗ = G∞ in the high frequency limit and G∗ = iωη0 in the low frequency
limit. Fortunately, that is excactly what the Maxwell model gives us, when
examining the high and low frequency limits. From here on, the complex shear
modulus will be denoted G.
When a Maxwell-liquid becomes the subject to an instantaneous stress, σ0,
the elastic part will immediately respond, and the viscous element, will result
in a change in the strain occuring under constant time rate as follows
γ(t) =
σ0
G
+ t
σ0
η
(A.9)
If releasing the material after some time, t0, the material will return to the
deformation suffered by the viscous element, t0
σ0
η .
According to the Maxwell model, in the low frequency area we get
log10(G
′′) ∝ log10(ω) (A.10)
and in the high frequency area we get
log10(G
′′) ∝ − log10(ω) (A.11)
which results in a slope with value a value of +1 and −1 for the low frequencies
and high frequencies respectively. The model also gives a maximum at the loss
peak frequency, ωLp, when ωLp =
1
τM
. This sort of behaviour is called Debye,
and a plot of this type of behaviour is shown in figure 2.4. In general, liquids do
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Figure A.2: The electrical network analogous to the Voigt model. It shows a
serial connection between a resistor (corresponding to a viscosity, η0) and a
capacitance (corresponding to the inverse shear modulus, 1/G∞)
not have a slope of −1 on the right side of the maximum, but rather a slope of
−12 as mentioned in section 2.3, so the Maxwell model is not entirely accurate
in its description of liquid relaxation. Another problem with the model is that
it does not exhibit creep. Therefore it can sometimes be of interest to turn to
the Kelvin-Voigt model.
The Voigt Element
While the Maxwell model is based on addition of the strain rate, the Voigt
model is based on addition of the applied stress. This corresponds to a serial
connection of the elastic and viscous deformation, which is illustrated in figure
A.2. This gives us the complex shear modulus as
G = iωZ = iω(
G∞
iω
+ η0) = G∞ + iωη0 (A.12)
While the Voigt model is good at describing creep, it is not good for
describing the relaxation after an applied stress is removed.
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Appendix B
Crossover Analysis of
Different Mixtures
In this section, we present a more thorough description of the possible crossovers
observed for each solution. In general for all observations, what looks like a
crossover, is consistently found to be below our measuring limit, which we
demonstrated for 5-PPE. Also, the slope of the measurements where we might
observe a crossover does not reach a stable value around 1, but either grows
really fast past 1 or oscillates with large amplitudes around a slope of 1.
0.205 Mole Fraction Squalane in 2E1H
For this solution, we observe a slope of 1 for temperatures 166 K and 163 K.
Also, our measurement at 160 K shows a steady increase in the slope all the
way up to 1, but then it is cut off right before log10(ν/νLp) = −3, so there is no
telling if it would reach a stable plateau.
0.353 Mole Fraction Squalane in 2E1H
The results from our measurements of 0.353 mole fraction squalane in 2E1H is
shown in figure B.1 as log10(G
′′) over log10(ν) and
d log10(G
′′)
d log10(ν)
over log10(ν/νLp).
For this solution, we observe, that for most of the temperatures, a relatively
stable slope is reached in the low frequency domain, landing on a value
of approximately d log10(G
′′)
d log10(ν)
≈ 0.85. The only clear exception is the curve
corresponding to a temperature of 166 K. In the first measurement shown in
figure B.1 a) and b), the slope ends up very close to the value 1, but in the
other measurement, c) and d), it is not clear, whether we observe a tendency,
or if it is just noise. In this situation, it is the lowest measured temperature
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Figure B.1: Two measurements of 0.353 mole fraction squalane in 2E1H. a)
and c) is d log10(G
′′)
d log10(ν)
over log10( ν/νLp) and b) and d) is log10(G
′′) over log10(ν).
(because both 160 K and 163 K is not shown that far down in frequency) that
ends up with a slope approximately equal to 1. One could be lead to think,
that the slope changes seen in figure B.1 b) and d) at 169 K and 172 K also
indicates a slope change to one, but when looking at the slope plot in a) and
b), it is clear, that the slope never stays at one, so it is more likely, that we
are just observing noise.
0.5 Mole Fraction Squalane in 2E1H
For this solution, three temperatures, 169 K, 172 K, and 175 K, show tendencies
to approach 1 in the d log10(G
′′)
d log10(ν)
over log10( ν/νLp) plot. Also for the curves
corresponding to a temperature of 166 K, it is possible that both curves are
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approaching 1, but data over a wider frequency range is needed before anything
conclusive can be said. For 169 K, the slopes of both measurements goes to 1
at log10(ν/νLp ≈ −2.6), corresponding to a shear modulus just above 106 Pa.
For the measurements made at 172 K and 175 K, the slope reaches a somewhat
stable plateau around 0.8 but then quickly grows past a slope of 1. There is
nothing resembling a crossover for the other temperatures.
0.65 Mole Fraction Squalane in 2E1H
For this solution, the curves, corresponding to temperatures at 169 K, 172 K
and 175 K show something resembling a crossover at low frequencies, and even
though a lot of noise is present, one could argue, that they actually reach a value
of 1 for the measurements 169 K, 172 K in the slope curve, where the slope of
the 175 K measurements, starts growing rapidly past 1 at log10(ν/νLp) ≈ −3.2.
At 172 K the slope goes very close to 1 around log10(ν/νLp) ≈ −2.5. It is a bit
harder to determine whether the behaviour at 169 K is just noise, or if it is
actually approaching a slope of 1 somewhere in between values of log10(ν/νLp)
of -2 and -2.5. It is however remarkable, that the slope changes are consistent,
and that it only happens at the lowest temperatures measured. If the slope
change really indicates a crossover, then it appears at very different values of
G′′. For 169 K and 172 K, the value of log10(G′′) is approximately 7 and 6.25
respectively, which would indicate either a very strong temperature dependence
of the crossover or it could mean, that at least one of them is not showing
a crossover at all. It looks like a slope change could be occurring at 172 K,
but when examining the plot of the slope, it is clear, that it never reaches a
stable value. It is now obvious, that adding squalane to the solution causes
the distance between the slopes with different temperatures to increase.
0.802 Mole Fraction Squalane in 2E1H
For this solution, the slope of the temperature curve for 178 K, starts to
grow quickly past 1 at log10(ν/νLp) ≈ −3.4 which is too unstable to indicate a
crossover. We also see the slope representing a temperature of 175 K crossing
the value 1 at frequencies corresponding to a value of log10(G
′′) = 6.5. The
slope of the temperature curve for 172 K shortly becomes 1, but it does not
stay there, so in general, we can not see any genuine crossovers here. We do on
the other hand observe an even greater temperature dependence of the curves,
as more squalane is added to the solution. It is very clear, that the numerical
value of the slope of the curves decrease much with increased temperature, as
it was also seen in solutions with less amount of squalane.
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Neat Squalane
Our measurements of squalane is shown on figures B.2 as log10(G
′′) over log10(ν)
and d log10(G
′′)
d log10(ν)
over log10(ν/νLp). The only temperatures showing something
resembling a crossover on the slope plot, is the curves at 176 K and 175 K. Both
appear around when log10(G
′′) ≈ 6.5, but the data also seem very unstable
at the low frequencies, so again is it hard to say anything for sure. What
seems to be crossover-like behaviour for the temperatures 179 K, 182 K, 176 K
and 181 K in figures B.2 b) and d), shows way too unstable readings in the
corresponding frequencies in the figures a) and c), so it is unlikely, that it is
crossovers. The temperature dependence of the curves however, is very high
for the pure squalane data in both measurements. It is very clear from the
slope plots, that an increase in the temperature results in a decrease in the
slope of the curves. It can also be seen, that the temperature dependence is a
lot stronger at higher temperatures, as a greater distance between the curves
can be seen at the highest measurements.
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Figure B.2: Two measurements of neat squalane. a) and c) is d log10(G
′′)
d log10(ν)
over
log10( ν/νLp) and b) and d) is log10(G
′′) over log10(ν).
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Appendix C
Modelling of Polymer Chains
This section serves as a short introduction to some of the concepts regarding
the Rouse model. It is based on the description by Strobl [2007].
The Rouse model is a very simple description of polymers in a melt. When
dealing with a long polymer chain, we first divide the chain into NR Rouse
sequences, each sequence consisting of a spring, representing elastic tensile
forces, and a bead, to which the forces of friction applies. An illustration of
this model can be seen in figure C.1.
The velocity of bead l, drldt , can be described by
ξR
drl
dt
= bR(rl+1 − rl) + bR(rl−1 − rl) (C.1)
Figure C.1: A polymer chain (left) represented as a Rouse chain of NR Rouse
modes (right), each mode consisting of a bead and a spring. From [n.d.].
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where ξR ∝ η is friction coefficient per bead and bR is related to the tensile
force as
f = b∆r , b =
3kBT
a2R
(C.2)
a2R is the mean squared end-to-end distance of the Rouse chain. Equation C.1
collects all the viscous forces on the left side of the equation and the elastic
forces on the right side. Because motion in three dimensions decouple, we limit
the equation of motion to the z-direction. We assume that we have chains of
infinite length, which must give us wave-like solutions, so
zl ∝ exp
(
− t
τ
)
exp(ilδ) (C.3)
where δ represents a phase shift between adjacent beads. When inserting
equation C.3 into equation C.1, one can obtain the following expression for
the relaxation rate
τ−1 =
4bR
ξR
sin2
(
δ
2
)
(C.4)
limiting δ to δ ∈ [−pi, pi].
Polymers are composed by linear chains, making the tensile forces vanish
at the ends, giving us
zl − z0 = zNR−1 − zNR−2 = 0 (C.5)
or
dz
dl
(l = 0) =
dz
dl
(l = NR − 1) = 0 (C.6)
From equation C.3, we can write the real and imaginary part of zl as
zl ∝ cos(lδ) exp(− t
τ
) (C.7)
zl ∝ sin(lδ) exp(− t
τ
) (C.8)
which are representing to different solutions. The boundary condition, z1−z0 =
0 at l = 0 is only fulfilled for the cosine solution, so for the upper end, we have
dzl
dl
(l = NR − 1) ∝ sin[(NR − 1)δ] = 0 (C.9)
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which gives us the following possible values of δ
δm =
pi
NR − 1p , p = 0, 1, 2, ..., N − 1 (C.10)
giving us NR different solutions to our problem, called Rouse modes. The
relaxation rate for the shortest mode, p = 1, is called the Rouse rate, τ1, and
is, with the new expression for δ given by
τ−1 = τ1 ≈ bR
ξR
τ2
(NR − 1)2 =
3kBTpi
2
ξRa2R(NR − 1)2
(C.11)
because a2R is the mean-squared end-to-end distance of the Rouse sequences,
we have
R20 = a
2
R(NR − 1) (C.12)
and we obtain
τ1 =
1
3pi2
(ξ/a2R)
kBT
R40 (C.13)
Because the quantity ξR/a2R is independent of the choice of sequence, ξR must
be proportional to the number of monomers, the degree of polymerization N
resulting in
R0 ∝ N ⇒ τ1 ∝ N2 (C.14)
The shortest relaxation time given by p = NR − 1⇒ δ = pi is given by
τNR−1 =
(ξR/a2R)
12kBT
a4R (C.15)
The greatest contributions to contribution comes from the lowest order Rouse
modes, so the Rouse mode relaxation if often approximated with
τp =
τ1
p2
(C.16)
The shear modulus of a series of Rouse chains can be expressed as
G(t) =
GR
(NR − 1)
NR−1∑
p=1
exp
(
−2 t
τp
)
(C.17)
which in the frequency domain can be expressed as a complex quantity [Ferry,
1980] as
GR
N
N∑
p=1
(ωτ1
p2
)2 + iωτ1
p2
1 + (ωτ1
p2
)2
(C.18)
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Appendix D
Reparametrization of the
Maxwell Model
For a perfect Debye-relaxation peak, a Nyquist plot, that is the imaginary part
plotted over the real part of the complex shear modulus, will give a perfect
half circle. This can be seen from the following parameterization.
The Maxwell equation gives us the shear modulus as
G(ω) = G∞
(ωτM )
2
1 + (ωτM )2
+ iG∞
ωτM
1 + (ωτM )2
(D.1)
If we set t = ωτM , the real part can be rewritten as
G′(ω) = G∞
t2
1 + t2
= G∞
t2 + 1− 1
1 + t2
= G∞
(
1− 1 +
1
2 t
2 − 12 t2
1 + t2
)
= G∞
(
1−
1
2(1 + t
2) + 12(1− t2)
1 + t2
)
= G∞
(
1− 1
2
+
1
2(1− t2)
1 + t2
)
=
1
2
G∞ − 1
2
G∞
1− (ωτM )2
1 + (ωτM )2
(D.2)
For the imaginary part, we write
G′′(ω) = G∞
t
1 + t2
=
1
2
G∞
2t
1 + t2
=
1
2
G∞
2ωτM
1 + (ωτM )2
(D.3)
which corresponds to a circle with a radius, r = 1/2G∞ and a center in
(G′, G′′) = (0, 1/2G∞)
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